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ABSTRACT
Strontium-90 is a fission product, and it is produced with a yield of about 6%.
Strontium-90 is a major radionuclide in spent nuclear fuel, high-level radioactive wastes
resulting from the processing of spent nuclear fuel, and radioactive wastes associated with
the operation of reactors and fuel reprocessing plants. In addition to the four stable isotopes
naturally present in soil, 90Sr is present in surface soil around the world as a result of fallout
from past atmospheric nuclear weapons tests. Strontium-90 is relatively mobile and can
move down with percolating water to underlying layers of soil and into groundwater. The
maximum contaminant level (MCL) established by the Environmental Protection Agency
(EPA) for 90Sr in public drinking water supplies is 0.33 Bq/L (8 pCi/L)(USEPA, 2008). In
the human body, radiostrontium concentrates in bone surfaces and bone marrow, and its
relatively long radioactive half-life combined with the long biological half-life make it one
of the more hazardous products of radioactive fallout.
Research is needed for the design of new selective monitoring systems to detect
current and changing conditions of radiostrontium contamination in the subsurface. In-situ
sensors, that respond to this criterion, avoid expensive sampling operations as well as
laboratory analysis. They also facilitate real-time measurement, and decrease the risk to
health and cost of long term monitoring. Simple and rapid procedures were developed and
characterized using extractive scintillating sensors for online environmental radiation
monitoring of 90Sr in aqueous samples. Three different approaches were applied to prepare
highly selective structures for simultaneous extraction and detection of radiostrontium. The
first approach involves the incorporation of SuperLig®620 solid phase extraction particles
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into porous scintillating polyvinyltoluene (PVT) beads formulated with the organic fluor
monomer

2-(1-naphthyl)-4-vinyl-5-phenyloxazole

(vNPO).

The

new

extractive

scintillating composite showed good selectivity and detection efficiency of 54.3±0.25% for
90

Sr when offline detection mode was applied. However, when the online detection mode

was used, the material showed regular decrease in the activity when a fresh background
solution was passed through the sensor.
The second approach was achieved by growing scintillating polymer chains on the
surface of the silica particles of the SuperLig®620 extractant. The polymerization was
performed within a thin layer of two high boiling point solvents after modifying the surface
initially with 3-methacryloxypropyltrimethoxysilane (MPS) in ethanol to form vinylSuperLig®620. The polymerization conducted in dimethylformamide (DMF) or toluene
showed high pulse height. The low detection efficiency of 27.4±1.7% in DMF was
improved to 32.5±1.4% by conducting the polymerization in toluene.
The final approach was achieved by simply mixing the raw SuperLig®620
extractant with inorganic scintillating beads. Three different materials were investigated,
but the SuperLig®620/CaF2:Eu mixture (1:2) performed the best as an extractive
scintillating sensor with detection efficiency of 54.3±1.3%. The sensor demonstrated a high
sensitivity and a chemical stability throughout online detection mode. The setup meets all
the requirements to be applied for the real-time measurement of 90Sr over a wide range of
radioactivity levels including the MCL of 0.33 Bq/L for 90Sr in drinking water.
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CHAPTER ONE
Introduction
Radiological characterization and environmental monitoring are important
strategies among basic safety practices to protect human health and minimize danger to life
and property. Strontium-90 is one of the leading risk drivers in an environmental
assessment due to its long biological half-life (~18 y) in the human body (Sahoo et al,
2016). Strontium-90 accumulates in bone tissue and the high-energy beta particles from its
daughter nuclide 90Y can cause damage to bone marrow (Vajda and Kim, 2010). Strontium90 can be produced by neutron fission in a nuclear reactor, nuclear weapons testing and
released into the environment from nuclear facilities. So, it is considered one of the most
important radionuclides in the view of the radiation protection, radioecology, radioactive
waste management and environmental monitoring (Toma et al., 2012).
Radiostrontium is a major concern in environmental contamination and nuclear
processes. This is due to 1) 90Sr is produced in a significant amount during nuclear fission
with an accumulative fission yield of 5.88% and 2.1% in the thermal neutron reactions of
235

U and

239

Pu; and 2) it can have a high or a moderate mobility in soils and sediments

where its environmental behavior is governed mainly by its chemical similarity to calcium.
Dissolved stable strontium has been detected in groundwater and surface water used for
drinking water supplies with average concentrations of 0.81 and 1.1 mg/L, respectively
(USEPA, 2002b).
The concentration of radiostrontium in the environment is generally low, so a good
radiological monitoring system requires highly selective, sensitive and stable techniques
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especially for pure β-emitters such as

90

Sr that has high probability of interference from

other radionuclides. Strontium-90 may be detected by several detection techniques include
gas-flow proportional, liquid scintillation counting (LSC), Cerenkov counting, and ICPMS but almost all of them require multi-step radiochemical procedures to separate
strontium from other beta emitting nuclides. Significant spectral interferences can be
problematic for the nuclear counting techniques. A variety of methods, including solvent
extraction, ion exchange, precipitation, etc., have been developed for the separation of
strontium (Schulz and Bray, 1987). Solvent extraction has been very successfully used in
90

Sr separation. Also, solid-phase extraction (SPE) RAD disks (Smith et al., 1996) and

extraction chromatographic materials that combine the power and selectivity of solvent
extraction and the simplicity of chromatography were applied effectively in isolating 90Sr
from complex matrices (Wallova and Wallner, 2008). In all cases, there is a selective
molecule or a functional group must be used to extract Sr2+ from other ions (Ca2+, Pb2+)
and especially

133

Ba,

140

Ba,

226

Ra,

228

Ra radionuclides that have a similar chemical

behavior. Among the studied selective functional groups, macrocyclic polyethers (crown
ethers) that first synthesized by Pedersen in 1967 were found to form strong complexes
with alkali or alkaline earth metals. Two of the most effective for strontium extraction are
dicyclohexano-18-crown-6

(DCH18C6)

and

ditert-butylcyclohexano-18-crown-6

(DtBuCH18C6) (Horwitz et al., 1991a). Due to their high extraction ability and good
selectivity, these two crown ethers have been considered as promising extractants for
strontium. Although, the methods of using selective crown ethers for Sr separation proved
to be simpler and faster than the traditional precipitation methods, they have limitations for
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use in conjunction with in-situ monitoring systems. This is because they form strong
complexes with Sr2+ only in high nitric acid concentration (3-8 M) that requires special
handling for the aqueous sample before concentration. Also, damage to analytical
equipment and the bleeding of the extractant/diluent layer can occur, especially in longterm unattended sampling locations.
Traditional methods of extracting groundwater samples and performing laboratory
analyses are expensive, time-consuming and induce significant disposal challenges. The
ideal in-situ monitoring system should have very limited handling and should measure the
radioactivity in aqueous samples directly under environmental conditions without using
harsh chemicals. To achieve this goal, Runkle et al. (2005) presented a prototype compact
counter capable of measuring

90

Sr groundwater concentrations in-situ at or below the

drinking water limit of 0.33 Bq/L (8 pCi/L). The measurement is based on detection of
Cerenkov light created by the high-energy electrons produced by 90Y, the daughter of 90Sr.
Although, the counter design is unique, the authors assumed that the 90Sr and 90Y were in
a secular equilibrium in groundwater that is difficult to be proved or be controlled due to
the clear difference in the chemistry of both isotopes. This weakness was solved through
extracting 90Sr using a SuperLig® 620 column (strontium selective solid-phase extraction
material) from groundwater to create a pure 90Sr source from that subsequent 90Y ingrowth
can be measured (O’Hara et al., 2009). This method required 64.25 h at which 90Y ingrowth
is 50.1% of

90

Sr activity on the column. The

90

Y was fluidically transferred from the

column to a 5 mL volume Cherenkov detection flow cell. Following concentrating 90Sr out
of a 350 mL groundwater sample; they reported a detection limit of 0.057 Bq/L.
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The objective of this project was to develop stable extractive scintillating materials
for 90Sr quantification in aqueous phase using the SuperLig® 620 as a SPE with molecular
recognition ligand. SuperLig® 620 was shown be highly selective for Sr2+ under a wide
range of chemical conditions, where Sr2+ ions can be extracted between 0.1 M and 8 M
nitric acid (DeVol et al., 2009). SuperLig® 620 was modified using three different
approaches, 1) incorporation within plastic scintillating beads, 2) growing scintillating
polymer chains on the surface of its silica particles, 3) mixing the raw SuperLig®620
extractant with inorganic scintillating beads.

The developed extractive scintillating

technique gave direct and real-time signal without the need to wait for 90Y ingrowth and
subsequent transfer to Cherenkov detection flow cell in multisteps process.
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CHAPTER TWO
Background
2.1. Strontium Chemistry and Radioisotopes
Strontium together with magnesium, calcium, barium and radium are known
chemically as the alkaline earth elements. These elements range in availability from very
common, such as magnesium and calcium, that are present in limestone, dolomite and
marble, to common such as barium and strontium, whereas radium is scarce. Strontium is
generally present in trace amounts and it is widely distributed in nature, where it usually is
found associated with other alkaline earth elements. Strontium does not occur as an
independent silicate mineral, but traces of strontium replace calcium, lead or potassium in
such compounds. Strontium belongs to group IIA of the periodic table and is highly
reactive, so it is always found in nature as compounds rather than in its free states.
Strontium is strongly electropositive and good reducing agent, that reacts
vigorously with water and acids forming the corresponding strontium salt and liberating
hydrogen in the process. Only divalent strontium compounds are formed. Strontium forms
simple salts as a rule, and only in exceptional cases, when a ligand has very strong donor
properties are complexes formed. Strontium has four stable, naturally occurring isotopes
(84Sr (0.56%), 86Sr (9.86%), 87Sr (7.02%) and 88Sr (82.56%)) with a relative atomic mass
of 87.62.
In addition to the four stable isotopes, thirty-one unstable isotopes of strontium are
known to exist, the longest-lived of these are 90Sr with a half-life of 28.9 years, 85Sr and
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89

Sr with a half-life of 64.853 and 50.57 days, respectively. The radioactive properties of

isotopes of Strontium are reported in Table 2.1.
Table 2.1 Isotopes of strontium with relatively long half-life.
Isotope

Half-life

Decay
mode

Energy
(MeV)

Decay
product

Nuclear
spin

82

25.36 d

EC

–

82

0+

83

1.35 d

β+

1.23

83

7/2+

85

64.84 d

EC

–

85

9/2+

85m

67.63 m

IT, EC + β+

0.239

–

1/2-

89

50.52 d

β−

1.49

89

Y

5/2+

90

28.90 y

β−

0.546

90

Y

0+

Sr
Sr
Sr
Sr

Sr
Sr

Rb
Rb
Rb

EC: Electron capture

Besides its long half-life,

90

Sr is particularly important in the context of its high

fission yield, ~ 6 %, from thermal fission of 235U (Nicholas et al., 2008). 89Sr and 90Sr are
anthropogenic radionuclides introduced into the environment as a result of man-made
activities. Both isotopes are produced from thermal fission of

235

U according to the

following two nuclear reactions and then decay by emitting an electron and an antineutrino
in beta decay (β− decay) to become yttrium (Groska et al., 2012).

(2.1)

(2.2)
Sr is a pure β- emitter with 100 % emission probability and maximum beta decay energy

90

(Emax) of 0.546 MeV (Tayeb, 2015). It decays to another pure β- emitter radioisotope (90Y)
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that decays to stable zirconium-90 (90Zr, T1/2 = 64 hr) with Emax of 2.280 MeV. The highly
energetic β- particles emitted by 90Y makes 90Sr a hazardous radionuclide because 90Y is
often in secular equilibrium with 90Sr. The decay scheme of 90Sr is represented in Figure
2.1.

Figure 2.1 Decay scheme of 90Sr radioisotopes (Romero, 2012)
Sr is also a pure β-emitter with more than 99 % emission probability of decay to stable

89

89

Y and Emax of 1.49 MeV. The high β- emission energy of

89

Sr enables its direct

measurement by Čerenkov counting technique. Another 3rd important radiostrontium
isotope is 85Sr that is also produced from thermal fission of 235U with a cumulative fission
yield of 1.31± 0.01 % (Nicholas et al., 2008). Unlike 90Sr and 89Sr, 85Sr decays by electron
capture (EC), with 1.065 MeV energy and 100 % emission probability, to stable 85Rb with
a half-life of 64.84 days. Following EC decay of 85Sr, a strong γ emission occurs at 0.514
MeV with 96 % emission probability (Tayeb, 2015).
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85

Sr can be measured by γ

spectrometry; thus, it is usually used as an appropriate radiotracer of strontium in the
environment and laboratory settings (Priebe et al., 2013).
2.2. Radiostrontium Sources, Environmental Pathways and Health Effect
Radioactive

90

Sr does not occur in nature; it is the direct result of anthropogenic

activity from nuclear fission. Almost all of the 90Sr generated in the United States is present
in spent nuclear reactor fuel rods. These fuel rods are currently located at the commercial
reactor facilities or at Department of Energy (DOE) facilities across the United States.
Within one year of decay of nuclear fuel rods,

90

fission product inventory. Limited amounts of

89

Sr represents 3.7% by mass of the total
Sr and

90

Sr are produced for industrial,

scientific, and medicinal applications through the process of fission product recovery.
During the period of 1974-1984, 90Sr was recovered and converted into solid forms. The
Hanford inventory of 90Sr embodies one of the largest sources of this nuclide in the world
(DOE 1996b, 1996c). The total estimated radioactivity of 90S/90Y isotopes was reported in
Table 2.2 with other major radionuclides inventory of the waste tanks (Gasper, 2005). Both
radionuclides represent approximately 60% of the total activity and can reflect the size of
problem that can happen if unexpected event happens to storage facility or improper
disposal process.
The other sources of 90Sr include authorized discharges from nuclear power plants
and nuclear facilities, nuclear weapons testing conducted in 1950s and 1960s, and major
nuclear incidents such as Fukushima Daiichi nuclear power incident of 2011 and
Chernobyl in 1986.
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Table 2.2 Major radionuclides in Hanford waste tanks (Gasper, 2005).
Radionuclide Activity
90

S/90Y

Activity (MCi)

Percent of total Activity
(%)

116

60

137

Cs/137Ba

72

38

241

Am

0.1

<1

Pu

0.1

<1

99

0.03

<1

Tc

Commercial nuclear power plants release small amounts of radioactivity into the
environment under normal operating conditions. Many of the radioactive isotopes that are
released are in the form of gaseous or liquid effluents and solid radioactive waste
conditioned by the plant. Although the NPP release small amounts of radioactivity into the
environment, there is still the potential for these releases to impact public health (Harris,
2012). The effluent data taken from the annual radioactive release reports provided by all
operating U.S. nuclear power plants from 1995 to 2009 were analyzed and reported. The
three liquid effluent categories used were fission and activation products (F/D), dissolved
and entrained gases, and tritium. Although, 90Sr was not included clearly in the study, the
results show interesting trends in the total radionuclide activity released from PWR and
BWR plants. Effluent trending may also reveal insight into the effect of increased reactor
lifetime and operation license extension on radioactivity releases. The total radionuclide
activity released in liquid effluents and the total cumulative dose contribution of various
pathways are presented in Figure 2.2 and 2.3, respectively.
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Figure 2.2 Variation of total radionuclide activity released in liquid effluents from PWR
and BWR plants (Harris, 2012)

Figure 2.3 Percent total cumulative dose contribution of various pathways resulting from
U.S. nuclear power plant effluent releases (Harris, 2012)
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In late 1940 to early 1960s, about 350 atmospheric atomic bomb tests were
conducted at different test sites in the northern hemisphere (Eikenberg et al., 2004). These
tests released into the atmosphere more than 9×105 TBq of residual
137

Cs, and 6×105 TBq of

239

Pu, 9×105 TBq of

90

Sr. Between 1966 and 1996, France had conducted nuclear

weapons tests above and beneath the atolls of Mururoa and Fangataufa in French Polynesia
(Pfingsten et al., 2001). The total 210 French nuclear tests released a total radioactivity of
3.5×105 TBq include 8.15×103 TBq 90Sr. Choppin (2003) reported that over 2×108 TBq of
radioactivity have been released into the atmosphere from worldwide nuclear weapons
tests.
Significant activities of strontium radioisotopes have been intentionally discharged
directly into the environment. Radionuclides have been discharged, with government
authorization, over the past forty years into the sea and atmosphere from the nuclear fuel
reprocessing plants at Sellafield in United Kingdom and at La Hague in France. Between
1974 and 1978, the Sellafield plant’s annual discharge of 137Cs was 4.0x103 TBq. The
plutonium discharge in the same period was between 45 and 60 TBq annually (Bellona,
2003). Over those five years, more than twice as much plutonium was discharged from
Sellafield as was released during the 1986 Chernobyl accident, where discharges amounted
to about 100 TBq of long-lived plutonium (UNSCEAR, 2000). About 31.0 TBq of 90Sr was
released to the sea on 1999, comparing to a total discharge authorization of 48 TBq.
Significant amount of radiostrontium was discharged unintentionally from nuclear
accidents that destroyed nuclear reactors. About 1.0 x 104 TBq of 90Sr were released during
the Chernobyl accident on 26 April 1986 (The Chernobyl Forums, 2009). Recently, the
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total activity of

90

Sr released to the environment from Fukushima accident is ~ 1.4 x102

TBq compared to 600 x 103 Bq released during atmospheric weapons testing in the 20th
century (Koarai et al., 2016).
Uncommon source of

90

Sr is the one that has been used in radioisotope

thermoelectric generators (RTGs) at remote locations throughout the former Soviet Union
(Alimov, 2003). Many of these

90

Sr RTGs in the former Soviet Union are completely

unguarded against potential thieves or intruders, lacking such minimal security measures
as fences or even signs warning of radioactive dangers. The biggest danger coming from
these unprotected RTGs is their availability to terrorists who can use the beta source
contained in them to make so-called “dirty bombs”, which are bombs that are triggered by
standard explosives, but disperse radioactivity. Also, these dirty bombs can be placed in
drinking water facilities and expose people directly to a high dose benefit from the high
solubility of strontium species.
Strontium is widely distributed in the earth’s crust and oceans. Strontium is released
into the atmosphere primarily as a result of natural sources, such as entrainment of dust
particles and resuspension of soil. Radioactive strontium is released into the environment
as a direct result of anthropogenic activities. Strontium compounds may transform into
other chemical compounds; however, radioactive decay is the only mechanism for
decreasing the concentration of radiostrontium. Strontium present in the atmosphere is in
the form of wet or dry aerosols. The principal chemical species in the air is strontium oxide
(SrO). Strontium oxide will react rapidly in the presence of moisture to form Sr
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+2

and

+

SrOH ions. Strontium is dispersed by atmospheric cycling and is subsequently deposited
by wet deposition on the earth’s surface.
In surface water and groundwater, strontium exists primarily as a hydrated ion.
Strontium can form ionic complexes with other inorganic or organic substances, thus it is
relatively mobile in water. However, the formation of insoluble complexes or sorption of
strontium to soils can reduce its mobility in water. Strontium is taken up and retained by
aquatic and terrestrial plants and is concentrated in the boney tissues of animals that eat
contaminated vegetation. The average concentration of strontium in urban air is 20 ng/m

3

(Dzubay and Stevens 1975). The mean concentration of stable strontium in U.S. surface
water is <1 mg/L and in drinking water supplies is 0.81 mg/L in groundwater and 1.1 mg/L
in surface water (EPA 2002b).
The background level of 90Sr in soils of the United States from global fallout will
depend upon the historical transport and deposition inventory at that particular location.
The mean regional background concentration of

90

Sr in soils in proximity to the Los

Alamos National Laboratory from 1974 to 1994 was 320±250 pCi/kg dry weight soil
(Fresquez et al. 1996b). This value has decreased with time due to radioactive decay of
90

Sr. The range of concentrations for 90Sr in soils and sediments at 91 waste sites located

at the 18 DOE facilities around the United States was 0.02-540,000 pCi/kg (DOE 1992).
Releases of

90

Sr to surface water and groundwater results from the natural

weathering of rocks and soils and from the discharge of waste water directly into streams
and aquifers. Up to 3 mBq/L of 90Sr concentration in surface waters of Atlantic Ocean has
been reported (Borcherding et al., 1986). In the Pacific Ocean,
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90

Sr concentrations were

1.2 mBq/L before the Fukushima Daiichi nuclear power plant incident of March 201. 90Sr
concentrations in the Pacific Ocean water after the Fukushima Daiichi accident measured
close to the destroyed reactor (100-200 Km) between March and November 2011, ranged
from 1.1 to 85 mBq/L (Casacuberta et al., 2013).
Strontium-90 was measured in drinking water samples taken at 78 sites in major
population centers or near selected nuclear facilities for the period of January-December
in 1995 (EPA 2000a). The median concentration of 90Sr in drinking water for this period
was 4x10-3 Bq/L (0.1 pCi/L). Sites with above average levels of 90Sr, Detroit and Niagara
Falls, recorded levels of 14.8x10-3 and 18.8x10-3 Bq/L (0.4, 0.5 pCi/L), respectively. In a
1974 study, a concentration of 3x10-3 Bq/L (0.09 pCi/L)

90

Sr in drinking water was

measured in Los Angeles, California (Kraybill 1983). In California, an average
concentration of 4 Bq/L (105 pCi/L) was measured in 16 wells out of 169 used mainly as
a source of public drinking water (Storm, 1994). Dissolved

90

Sr was detected in

groundwater at 18 out of 104 sites (17%), with an average concentration of 53.9 Bq/L (1.46
nCi/L) (EPA, 2002b). The concentrations of

90

Sr in groundwater at the 91 waste sites

located at 18 DOE facilities were between 2x10-3 and 9x103 Bq/L (0.05 and 231,000 pCi/L)
(DOE, 1992).
Human exposure to strontium and radiostrontium can result from consumption of
food, drinking water, or incidental ingestion of soil or dust contaminated with strontium.
Food and drinking water are the largest sources of exposure to strontium and
radiostrontium. Grain, leafy vegetables, and dairy products contribute the greatest
percentage of dietary strontium and radiostrontium to humans. Stable strontium comprises
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about 4.6 ppm by weight of the human body, but does not have any recognized essential
biological role. No toxic effects of stable strontium have been reported for the exposure
levels normally encountered in the environment, thus, the main health effect is expected to
come mainly from radiostrontium. Strontium is not readily absorbed through intact skin,
but is absorbed through abraded skin and through puncture wounds. Human exposure to
strontium is primarily by the oral route (ATSDR, 2004).
The biological effects of strontium are related to its chemical similarity to calcium,
consequently upon ingestion 90Sr follows the biochemical pathways of Ca in human body.
After incorporation into bone, the energetic β- particles from 90Sr irradiate the surrounding
hard and soft tissues, resulting in hypoplasia of the bone marrow or various forms of cancer.
The long biological half-life (˜18 y) of 90Sr in the human body leads to higher cumulative
radiation doses to bone and surrounding soft tissues and more severe adverse effects (Sahoo
et al, 2016).
The population living around the Techa River in Russia was exposed to
radiostrontium and radiocesium in drinking water and food between 1949 and 1956, an
increase in the number of deaths from leukemia and solid cancers was reported (Kossenko
1996; ATSDR, 2004). In the exposed group, the standardized mortality rate was 140 per
100,000 compared to 105 per 100,000 in the control group during the follow-up period
(1950-1982). Absorbed doses to the red bone marrow in the study group were between
0.176 and 1.64 Gy (17.6 and 164 rad). No increase in cancer mortality was observed among
offspring of exposed individuals.
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Because of its capability to cause significant adverse effects to human health, 90Sr
has been classified as a high-risk radionuclide by the International Atomic Energy Agency,
(IAEA, 2003). Thus, knowledge of the sources and concentrations of

90

Sr in the

environment, in particular in nuclear operation sites, is critical. The USEPA Drinking
Water Regulations under the Safe Drinking Water Act set maximum contaminant
concentrations for

89

Sr and

90

Sr as 2.96 Bq/L (80 pCi/L) and 0.3 Bq/L (8 pCi/L),

respectively based on a 2 liter per day drinking water intake and the bone marrow being
the critical organ. In Canada, the guidelines for 90Sr concentrations in drinking water are
established in the light of the criteria of the International Commission on Radiological
Protection (ICRP). The maximum acceptable concentration (MAC) for

90

Sr in drinking

water, as defined by Health Canada, is 5 Bq/L (Health Canada, 2009); while in the case of
a radiological emergency the Action Level (AL) in drinking water and milk is 30 Bq/L
(Health Canada, 2000).
2.3 Radiostrontium Measurement in the Environment
Radiostrontium in the environment is hard to detect because of matrix interferences
and its mode of decay as a pure beta emitter. Environmental samples as water, soil, and
sediment consist of a mixture of non-radioactive major and trace elements as well as
radioactive fission and activation products sometimes. The major non-radiological
interference during radiostrontium determination in the environment comes from Ca that
behaves similarly to Sr not only in biochemical pathways, but also in laboratory
purification processes. The other alkaline earth elements, Mg, Ba, and Ra can also interfere
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with Sr separation techniques, especially for Sr quantification in sea water samples which
significantly have higher concentration of these elements than freshwaters.
Besides the effect of interfering ions, measuring 90Sr in the environment is also hard
because of the presence of many β-emitting radionuclides resulting from a fission reaction
and related incidents of controlled release. Other β-emitting radionuclides can interfere
with measurements of

Sr because β- decay emission occurs as a continuous spectrum

90

with a maximum energy, thus, the spectrum of 90Sr can be hindered by any β- emissions
having energy between 0 and 546 keV. Due to these two big challenges, the majority of
the methodologies for the determination of 90Sr are tedious, inefficient, and often exceed
monitoring capabilities. So, special sample treatment and separation procedures must be
applied before detection to achieve good results with a minimum uncertainty possible.
2.3.1 Strontium methods of separation
A variety of methods have been developed for strontium separation from different
types of samples especially low and high-level nuclear waste as well as in environmental
samples. Here, we briefly report the traditional separation methods of strontium from
different matrices such as precipitation, solvent extraction and ion exchange but review in
more details the developments in modern Sr extraction methods such as extraction
chromatography, and solid phase extraction (SPE).
2.3.1.1 Precipitation, solvent extraction and ion exchange
Precipitation reactions have been conventionally used for the separation of Sr from
other alkali earth metals, yttrium and lead but with different levels of selectivity. Due the
limited selectivity in some cases, several precipitation steps were needed. The crucial
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procedures are the separation of Sr from high concentrations of Ca, and from Ba, followed
by purification of Sr from its daughter Y. The oldest and still popular method is based on
the difference in solubilities of Ca and Sr nitrates in concentrated (fuming) nitric acid. It is
simple, inexpensive, robust and has the great advantage that it can handle large sample
volumes. Vajda and Kim (2010) published a good review article covering almost all the
methods of strontium separation.
Solvent extraction (SE) has been used very successfully in high-level waste
management and fuel reprocessing. SE is used consistently and provides several benefits
for strontium separation, such as its convenience in combining with other processes, easily
being scaled up, and high flexibility in stage designing. Choosing an appropriate extractant
is the most important part and several compounds have been developed for strontium
extraction. Chlorinated cobalt dicarbollide was used for strontium extraction by adding
polyethylene glycols (PEGs) as the synergistic reagent. Macrocyclic polyethers, i.e., crown
ethers, have been extensively studied as donor compounds in supramolecular chemistry.
Two of the most effective for strontium extraction are dicyclohexano-18-crown-6
(DCH18C6) and di-tert-butylcyclohexano-18-crown-6 (DtBuCH18C6) (Xu et al., 2012).
Although SE is very common and essential in nuclear fuel reprocessing, it is unusual to be
applied for environmental samples.
Ion exchange is the reversible interchange of ions between organic resins having
specific function group and a liquid in which there is a permanent change in the structure
of the solid. Common ion exchangers are the strongly acidic sulfonated resins containing
–SO3- groups (negative charge), and the strongly basic quaternary ammonium group –NH4+
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(positive charge). In the first group, the positively charged counter ions can be exchanged
with other cations (cation exchanger), while for the quaternary ammonium group,
negatively charged counter ions can be exchanged with other anions (anion exchanger).
Both types of ion exchangers have been used before to separate strontium from different
matrices.
Some of the earliest ion exchange column research for strontium and barium
separations was performed with the cation exchange resins Dowex 50 and Amberlite IR-1
(Tompkins et al., 1947; Bonner and Smith, 1957). Grahek et al. (2000) used the same
technique to develop a rapid method for 90Sr determination in soil samples after separating
yttrium and strontium from calcium and other cations. An improved analytical method was
developed for determining radiostrontium in environmental freshwater samples with
Powdex resin. Strontium adsorbed in the resin was eluted by 8 M HNO3 together with Sr
carrier added. Strontium was radiochemically separated by the cation exchange method for
beta counting after Ca removal as Ca(OH)2 precipitate. The average chemical yield was
88% as verified by analyzing 170 L of water samples with different salinity values after
adding 90Sr (Tomita et al., 2015)
Due to the similarity of the chemical properties and column retention of strontium
and barium, a complexing agent such as ammonium citrate sometimes is required to allow
for selective separation. The anion exchange Dowex-1 column has also been used to
separate alkaline earth metals after treatment with citrate solutions. The implications of
the anion-exchange process on the strength and composition of citrate complexes of the
alkaline earth ions were discussed (Nelson and Kraus, 1955).
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Generally, ion exchange is not used for strontium separation, although it has
moderate to high selectivity. This may be due to the sensitivity of the ion-exchange resins
selectivity to solution chemistry, where the adequate separations are generally achieved
within a narrow pH range, and requirement to use highly acidic conditions (Horwitz et al.,
1992).
2.3.1.2 Extraction chromatography
Extraction chromatographic (EXC) resins represent a form of liquid-liquid
extraction but the liquid extractant is embedded in the stationary phase of an inert resin.
Part of an extraction chromatographic resin bead is depicted in Figure 2.4. The process of
extraction is realized in the thin surface layer providing excellent contact of the reagents.
EXC techniques provide many advantages compared to ion exchange and solvent
extraction, these include: 1) much less consumption of organic solvents that are usually
health-hazardous and harmful for environment, 2) rapid, accurate, and reproducible
extraction, 3) simple procedure, 3) less glassware, reagents and chemicals used, 4) less
waste solutions produced, 5) high recoveries (Gabriela Wallova, 2011).
Horwitz et al. (1992) developed an extraction chromatography technique in which
strontium can be selectively separated from other interfering stable and radionuclides
especially alkaline and alkaline earth element ions. Eichrom Industries, Inc uses the same
technique to make an extraction column for strontium separation (Sr-resin). The column
contains the crown ether (4,4’(5’)-bis(tertbutylcyclohexano)-18-crown-6) absorbed on an
inert polymeric porous support in 1-octanol. The general extraction procedure includes
sample digestion, dilution and loading on the Sr-resin column in ~3 M nitric acid.
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Figure 2.4 Depiction of extraction chromatography (EXC) surface of porous bead
(http://www.eichrom.com/products/extraction.aspx)
Interfering elements are removed from the column with ~1 M nitric acid and strontium ions
are subsequently eluted with a dilute acid solution. The extraction equilibrium can be
expressed using equation 2.3 (Vajda et al., 1992).
Sr2+(aq) + Crown(org) + 2NO3- ↔ Sr(Crown)(NO3)2(org)

(2.3)

The dependency of capacity factor k´ of Sr (the number of free column volumes to
peak maximum) as a function of nitric acid concentration for alkali and alkaline earth
elements at room temperature is represented in Figure 2.5. The k’ for the EXC column can
be calculated from the separation factor or organic/aqueous distribution ratio (D) of the
corresponding solvent extraction system using equation 2.4:

𝑘′ = 𝐷 ∙

𝑉𝑠

(2.4)

𝑉𝑚

Vs and Vm are the volumes of stationary and mobile phases, respectively. The concentration
of extractant is much higher in EXC systems due to the very small volume of diluents.
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(2.5)

Therefore, D and k' are not usually measured directly for EXC systems, but calculated from
the weight distribution ratio, Dw, that can be measured and calculated using equation 2.5:

𝐷𝑤 =

𝐴0 −𝐴𝑠
𝐴𝑠

∙

𝑉
𝑚

(

𝑚𝐿
𝑔

)

(2.5)

Ao - As = activity sorbed on a known weight (m) of resin in g, and Ao, As = the initial and
final activity in a known volume (V) of solution in mL. The volume distribution ratio (D)
is calculated from the volume of stationary phase per gram divided by (Dw). The volume
of stationary phase is obtained from its weight percent adsorbed on the inert support and
its density (Horwitz et al, 1992, 1995, 1997). The value D can be calculated from the
experimental Dw using equation 2.6.

𝐷=

(𝑉𝑠 /𝑚𝑠 )

(2.6)

𝐷𝑤

Vs is the volume of stationary phase adsorbed on the inert support; ms is the corresponding
mass of the adsorbed volume.
The behavior of Sr relative to other elements in Figure 2.5 reveals that sorption of
strontium on Sr resin increases gradually with increasing nitric acid concentration until 3M
HNO3. Sr achieves its maximum uptake at 8M HNO3 with ~100 capacity factor; Sr can be
eluted using low concentration of the same acid <0.05 M as can be seen from the
corresponding capacity factors <1. Within the studied nitric acid concentration range, alkali
and other alkaline earth metal ions exhibit much less affinity to Sr Resin especially calcium,
that can be easily eluted and separated during strontium loading in 3M HNO3. The highest
sorption capacity following Sr is for K and Ba; both can be separated from strontium by
rinsing the resin with 8M HNO3 (Horwitz et al., 1992).
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Figure 2.5. The uptake behavior of alkali and alkaline earth metal ions by Sr-resin as a
function of nitric acid concentration at 23-25°C (Horwitz et al., 1992).

The main disadvantage of Sr-Resin™ is its greater affinity for lead than for
strontium. Lead will quantitatively displace strontium from the column when the two are
present in combined amounts approaching or exceeding the capacity of the column. If the
combined quantity of lead and strontium carrier in the sample exceeds the capacity of the
column, decreased strontium yields were observed. Decreasing the sample size can help to
address samples with elevated levels of lead. Recently, improvements have been made to
the extraction process using a wetting film technique, that has been shown to reduce ionic
interferences (Miro et al. 2002). The dependency of capacity factors (k´) of Sr, actinides,
Pb(II), Po(IV) and Tc(III) ions nitric acid concentration at room temperature are
represented in Figure 2.6.
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Figure 2.6. The uptake behavior of Sr, actinides, Pb(II), Po(IV) and Tc(III) ions by Sr-resin
as a function of nitric acid concentration at 23-25°C (Horwitz et al., 1992).
Sr Resin shows significant higher affinity for Pb than Sr over the whole nitric acid
concentrations range investigated and a higher affinity for Pu(IV) between 2 and 8 M
HNO3. To prevent the retention of tetravalent actinides on Sr Resin, addition of oxalic acid
as competitive complexing agent can be utilized (Horwitz et al., 1992). Sr Resin is often
used in combined procedures for determination of Sr and actinides. In combined
procedures, actinides are concentrated and removed by co-precipitation, anion exchange or
extraction chromatography and Sr is removed usually by EC with Sr Resin. Lee et al.
(2013) developed quantitative sequential radiochemical separation method for
quantification of Pu, U, Am and Sr isotopes in environmental samples using extraction
chromatographic resins. Figure 2.7, displays the flow chart of the sequential procedure for
separating U, Pu, Am and Sr radionuclides using different HNO3 concentrations.
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Figure 2.7. Separation scheme of Pu, U, Am and 90Sr in environmental samples using
extraction chromatographic resins (Lee et al., 2013).
The uptake of alkaline and alkaline earth elements by Sr resin from solutions of
nitric, sulfuric, acetic and hydrochloric acid was investigated. The results revealed the
strength of cation bonding depends on the acid applied and the solution composition. The
separation of strontium from other cations was possible in nitric and sulfuric acids, but it
was not possible with hydrochloric acid (Grahek et al., 1999). An improved procedure was
developed to determine

90

Sr in groundwater using cation exchange and solid-phase

extraction columns. The two cartridges were stacked in tandem, so Sr desorbed from the
cation exchange column is transferred directly to Sr resin column. The first column was
used to enrich 90Sr, while the second one used to purify radiostrontium without evaporating
and redissolving the eluate as required in both the ASTM standard method D5811-08 and
the SRW-01 method of Eichrom technologies Inc (Eichrom, 2003). The improved
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procedure has been validated by standard-added simulation waters and applied successfully
to determination of 90Sr in true monitor well water (Zhang et al., 2016).
Surman et al. (2014) developed a new selective resin for Sr and applied it to bind
90

Sr directly from environmental waters. The resin comprises a mixture of two extractants,

4,4'(5')-bis-t-butylcyclohexano-18-crown-6 and di(2-ethyl-hexyl)phosphoric acid, sorbed
onto Amberchrom CG-71. The developed resin showed high affinity for Sr between pH 2
and 8 and within a wide range of environmental conditions. The resin showed good
capacity of 7.7 ± 0.4 mg/g and reasonably fast uptake kinetics. The radioactivity of

90

Sr

and 137Cs in bark and leaf collected around the Fukushima Daiichi Nuclear Power Plant in
May 2013 was determined to investigate the migration of both radionuclides in the
environment. The radioactivity of
90

90

Sr was determined by using Cherenkov counting of

Y after purification using Sr resin. The radioactivity ratio of 90Sr to 137Cs in bark samples

was compared with the results from soil samples collected in July 2011 that showed that
the migration of 90Sr was slower than 137Cs in bark and tree (Kubota et al., 2015). The main
disadvantage of extraction chromatographic resins is that their ability for re-use appears to
be limited and may caused by limited accessibility of functional groups due to the low
aqueous phase miscibility in the used solvent. Grate et al. (1996) noted that Eichrom SrResin™ tends to degrade with reuse and that within 10-15 analyses instrumental detection
peaks began to shift and deform, that is considered an indication for degradation of the
resin.
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2.3.1.3 Solid phase extraction
Although the ion-exchange, precipitation, co-precipitation and extraction methods
have been used for isolating radiostrontium before the measurement, they are time
consuming, use concentrated acids and produce large amounts of liquid wastes. Over the
past few years, solid phase extraction (SPE) has come into play as a promising alternate
technique for strontium separation in various types of samples. SPE combines a selectivity
of liquid extraction and simplicity of chromatography. SPE sorbents selective for a specific
analysis are produced by Molecular Recognition Technology (MRT). The MRT can be
achieved using two different approaches include preparing molecularly imprinted
polymers (MIPs) in which the target analyte is presented as a molecular template when the
polymer is formed (Mitra, 2003). The second approach is Molecular Recognition Ligand
(MRL) that uses specially designed molecules that can form coordinate chemical bonds
and selectively recognize specific ions in solutions by utilizing combinations of ion size,
chemistry, and geometry. Because the high selectivity of MRLs and their ability to bind
with the ions to be separated without an exchange of ions, they can bind ions present at
very low levels even in solutions of high concentrations of competing ions. The ligands
can be covalently attached to different substrates including particles such as silica gel,
polyacrylate, or polystyrene. The resultant MRL particles are trade named SuperLig®
when used in industrial applications and AnaLig® when used in analytical applications;
both materials are produced by IBC Advanced Technologies, Inc that has been at the
forefront of this technology (Izatt et al., 2009).
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Batch studies were conducted to determine the capacity and weight distribution
ratio of both IBC AnaLig® Sr-01 and Eichrom Sr resins for strontium and barium. The
data show that both resins retained Sr from aqueous samples and the AnaLig® Sr-01 resin
was able to retain the majority of the Sr under both neutral and acidic media. However,
Eichrom Sr resin provided superior Sr/Ba separation compared with Analig® Sr-01 resin
at high nitric acid concentration, See Figure 2.8. (Swearingen and Wall, 2016)

Figure 2.8. The weight distribution ratios (Dw) of Eichrom Sr Resin (A) and AnaLig® Sr01 (B), as a function of HNO3 concentration (Swearingen and Wall, 2016).
SuperLig® 620 resin is another type of such SPE compound and has been shown
to separate strontium in 2 M nitric acid from a number of interfering metals such as Mg,
Ca, Ba, Ra, Pb, Na, and K (Izatt et al., 2003). The SuperLig® 620 resin has been
predominantly used in Empore™ solid phase extraction disks manufactured by 3M as “Sr
Disks” for selective strontium separation. Rapid separation methods for strontium
determination using molecular recognition technology products 3M EmporeTM Sr disc,
AnaLig® Sr-01 and extraction chromatography Sr® Resin were applied and statistically
tested. The measured activities for two reference samples from National Physical
Laboratory (NPL) demonstrated a good accuracy and precision for the described methods.
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The linear model proved that the residual fulfills the Gaussian model, without any
autocorrelation. The paired t-test showed that all methods lead to the same consistent
results and all analyzed SPE methods were fast and efficient for 90Sr separations (Dulanská
et al., 2012).
Three commercial products, 3M EmporeTM Strontium Rad Disk, AnaLig® Sr-01
gel, Sr® Resin, and two classical methods, liquid-liquid extraction with tributhyl phosphate
(TBP) and carbonate co-precipitation, were tested for the separation and determination of
90

Sr in aqueous phase. The separation using 3M EmporeTM Sr Rad Disk was optimized as

a function of different eluents type and their suitable concentration. A possibility of
multiple uses of 3M EmporeTM Sr Rad Disk and AnaLig® Sr-01 was confirmed and has a
positive effect on analysis cost. Separation of 90Sr using AnaLig® Sr-01, 3M EmporeTM Sr
Rad Disk was found to be as effective as separation with Sr® Resin in matrices of
contaminated water. For comparing different methods, see Figure 2.9 (Ometakova et al,
2011).
Characterization of SuperLig® 620 SPE resin was performed for developing an
automated on-line process monitor for

90

Sr. The data from batch Kd experiments for

strontium and barium separation indicated that the optimal separation was using a 2 M
nitric acid load solution with a strontium elution step of similar to 0.49 M ammonium
citrate and a barium elution step of similar to 1.8 M ammonium citrate. Strontium-90
quantification of Hanford high-level tank waste was performed on a sequential injection
analysis microfluidics system coupled to a flow-cell detector (DeVol et al., 2009). The
same SPE resin was used in automated radioanalytical system for 90Sr determination in
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Figure 2.9. Graphic comparisons of methods for
2011).

90

Sr determination (Ometakova et al,

environmental water samples by 90Y Cherenkov radiation counting (O’Hara et al., 2009).
The manufacturers claim that SuperLig® can be regenerated for a number of cycles,
and the ligands can be designed to produce strong interactions or binding constants between
the SuperLig® and target ion. MRT exhibits very rapid kinetics, high selectivity, efficiency
of separation, simple elution chemistry, and the ability to remove ions to extremely low
(ppb) levels. These advantages translate to lower capital and operating costs compared to
alternative technologies (Izatt et al., 2003). Few applications support these claims;
however, SPE resins still need more investigation and characterization under a wide range
of extreme conditions.
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2.3.2 Strontium methods of detection
2.3.2.1 Common techniques for radiostrontium detection
Gas-flow proportional counting, Geiger-Mueller counting, bremsstrahlung
counting, liquid/solid scintillation, Cherenkov counting techniques and solid-state
detection such as Planar Implanted Silicon (PIPS) detection are the most common and
applied radiometric techniques used for strontium quantification. Quantification of 90Sr is
generally done by counting of the radiostrontium after chemical separation from complex
matrices and other beta emitters followed by counting strontium in secular equilibrium with
yttrium. Secular equilibrium occurs when the activity of the daughter product is equal to
that of the parent, and is said to exist in seven half-lives of the daughter product. In the
example of 90Sr/90Y, 90Sr has a half-life of 29.1 years while yttrium-90 has a half-life of
only 2.67 days. The obvious drawback in waiting for secular equilibrium is the time
required for the seven half-lives of yttrium ingrowth (18.7 days).
Counting of the source with a delay relative to the time of Sr/Y separation (e.g.
repeated or long counting) will result in the in-growth of

90

Y daughter according to the

following equation that can be taken into account while calculating the activities:
𝑨𝟗𝟎𝒀 = 𝑨𝟗𝟎𝑺𝒓 (𝟏 − 𝒆−𝝀𝟗𝟎𝒀 .𝒕 )

(2.7)

A90Y is the activity of 90Y, A90Sr is the activity of 90Sr, λ90Y is the decay constant of 90Y, t is
the time between Sr and Y separation and counting. If the secular equilibrium between 90Sr
and

90

Y exists, the activity of

90

Sr can be determined by measuring

90

Y after a properly

chosen radiochemical procedure for the separation of Y. Gas proportional counter offers a
sensitive analytical tool for measuring the beta radiation of 89Sr, 90Sr and
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90

Y. However,

liquid scintillation counter is favored due to the much better spectral resolution that enables
differentiation of 89Sr, 90Sr and 90Y spectra (Vajda and Kim, 2010). This reference has a
comprehensive review for the updated measurement methods for radiostrontium in
different matrices.
2.3.2.2 Radiostrontium detection with extraction scintillating sensors
Another promising approach for

90

Sr sensing is extractive scintillating resin, that

combines extraction chromatography and scintillation detection functionality. Thus it
simultaneously accumulates and detect radiostrontium. The first trial to accomplish
radionuclide separation by an ion-exchange resin with scintillating properties was reported
over 40 years ago (Heimbuch et al., 1965). After adding the organic fluors during beads
synthesis, the resin was aminated by trimethylamine. This scintillating anion-exchanger
was used “off-line” in several steps for measuring some individual radionuclides, such as
131

I,

14

C,

35

S and

36

Cl. The analyses by extractive scintillating technique can be applied

using two different approaches. The first one uses homogenous extractive scintillating
structure where the extractant and the scintillating functionality are combined in the same
bead. The other approach uses composite bed columns comprising a heterogeneous mixture
of scintillating particles and chemically selective particles, and represents an alternative to
the extractive scintillating resins described above. In most cases, the scintillating
component consists of Bicron BC-400 scintillating beads, that is mixed with existing
extraction chromatographic, ion-exchange, or solid-phase extraction materials for the
chemically selective sorbent component of the bed.
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Two different methods were developed to quantify radiostrontium in aqueous
phases using the homogenous extractive scintillating materials. DeVol et al. (2001) applied
two different methods to combine extraction chromatography and scintillation detection
functionality for off-line and on-line monitoring of strontium in aqueous solutions. In the
first method, the surface of a scintillating glass (GS-20) was coated with bis-4,4' (5')-tertbutylcyclohexano-18-crown-6 (DtBuCH18C6) in 1-octanol; while in the second method,
an inert chromatographic resin was impregnated with the organic fluors, 2,5
diphenyloxazole, (PPO) and 1-4 bis(4-methyl-5-phenyloxazol-2-yl) benzene, (DMPOPOP) and either DtBuCH18C6 in 1-octanol or a proprietary extractant. Using the
extractive scintillator from the second method,

89

Sr was captured from 4 M nitric acid

solutions with loading efficiencies of 99-100% and detection efficiency ranged from 9.5to 50.8%. The loading efficiency of the coated GS-20 beads was only 13%, while the
detection efficiency was ~100.0 ± ~9.2%. The accumulated activity was released in water,
that is consistent with the known extraction chromatographic separation chemistry of
DtBuCH18C6.

Regeneration

capability

was

demonstrated

through

multiple

loading/elution cycles with 89Sr and 90Sr.
For the uptake of

90

Sr from weakly acidic to neutral solutions, a scintillating

extractant resin was created based on impregnation of scintillating microspheres with bis(2ethylhexyl)phosphoric acid (HDEHP) extractant. In this case, both
product

90

90

Sr and its daughter

Y were extracted from 0.001 M HCl. However, they could be individually

determined by selective elution of the 90Sr using 0.2 M HCl, followed by elution of 90Y
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Figure 2.10. Detector traces for 90Sr/90Y separation experiments using HDEHP-based
scintillating extraction resin (Egorov et al., 1999).

with 4 M HCl to regenerate the column, see Figure 2.10. Assuming 100% efficiencies of
the capture and elution procedures, the individual absolute detection efficiencies for 90Sr
and 90Y were determined to be 46 and 99%, respectively. Co-retention and selective elution
steps is another approach can be used to quantify individual radionuclide species (Egorov
et al., 1999).
Two different groups applied the composite bed columns for measuring
radiostrontium in aqueous phase by mixing commercial extractant resins with inorganic
and organic scintillating beads. Strontium selective extraction chromatographic resin (Sr
Resin) was mixed with the scintillating plastic bead BC-400 from Bicron, Inc. (1:2 by
weight), or the scintillating glass GS-20 from Applied Scintillation Technologies (1:1 by
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volume). Using the off-line test, the loading efficiencies were typically 100%, for both
sensors. The 89Sr detection efficiencies ranged from 50.3% for Sr Resin/GS-20 to 80.7%
for the Sr Resin/BC-400, while 90Sr detection efficiency was 46.6% for Sr Resin/BC-400
(DeVol et al., 2001).
Egorov et al. (2006) mixed BC-400 plastic scintillator beads with solid-phase
extraction material SuperLig® 620 for the development of 90Sr sensors using a 1:1 weight
ratio. The equilibration-based sensing method was applied using 90Sr/90Y spiked baseline
Hanford groundwater samples acidified to pH 2.1 with nitric acid. About 450-mL volumes
of standard solutions were delivered at 0.3 mL/min syringe pump flow rate. A reversible
steady state response was attained and varied with the three 90Sr activities. The calibration
slope of 56.5 cps/Bq was determined from the net equilibrium signal of each standard. The
90

Sr sensor exhibited excellent analyte retention characteristics and good detection

efficiency of 63±3% when the instrument response to each
using the low plate model.
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90

Sr standard was modeled

CHAPTER THREE
Research Objective
3.1 Objectives
The purpose of the current project is to benefit from the unique extraction behavior
of SuperLig® 620 material for radiostrontium in developing a simple and easy to handle
in-situ monitoring system through combining solid-phase extraction and scintillation
detection. Table 3.1 summarizes the three different approaches that were used to attain this
goal: 1) physically incorporating the SuperLig® 620 material within a plastic scintillator
polymer during suspension polymerization, 2) growing scintillating polymer chains from
the silica surface of the base SuperLig® 620 material, 3) using heterogeneous flow-cell
approach through mixing the raw SuperLig® 620 with different scintillating material beads
to evaluate the extractant behavior in its pure form relative to the form prepared in
Approach 1. The prepared dual functional materials can simultaneously extract and detect
90

Sr at low radioactivity level and under environmental conditions. The developed

materials were packed in a minicolumn or a flow-cell aiming to accomplish a rapid in-situ
real-time or near real-time detection of strontium beta emitting isotopes. This method was
expected to be more efficient for monitoring

90

Sr in aqueous streams and a good

replacement of current monitoring practices, which are time-consuming and require
extracting down-well samples, performing laboratory analysis, and have waste disposal
issues.
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Table 3.1. The three different approaches proposed for preparing extractive scintillating
sensors for quantification of radiostrontium.
Approach

Preparation
techniques
Suspension
polymerization

Extractant

2

Surface
polymerization

SuperLig®
620
SuperLig®
620

3

Extract./scint.
mixed beads

SuperLig®
620

1

Scintillator

Flow cell
type

Sensor code

vNPO*

Homog.

SUPLiG-Poly

vNPO*

Homog.

SUPLiG-Surf

Y2SiO5:Ce
GS20**
CaF2:Eu

Heterog

SUPLiG-YSiCe
SUPLiG-GS20
SUPLiG-CaFEu

*: 2-(1-naphthyl)-4-vinyl-5-phenyloxazole; **: Cerium activated lithium silicate glass scintillators

3.2 Hypothesis
The combination of an extractant coated with or incorporated in plastic scintillator
is a suitable sensor for the application in a flow cell and it is expected to be sensitive enough
to meet the USEPA guideline of water resources near nuclear facilities (10 Bq/L) and the
maximum contaminant level (MCL) for drinking water (0.3 Bq/L) (USEPA, 2008). The
product from each approach will have advantages and disadvantages, however, the
extractive scintillating sensor from surface polymerization is expected to combine good
stability with a high detection efficiency.

37

CHAPTER FOUR
Materials and Methods
4.1 Preparation of Extractive Scintillating Materials
There are two options for the dual purpose sensor including a single modified bead
holding the extraction and scintillation functionality and a heterogeneous mixture of
SuperLig®

620

silica

particles

and

scintillating

beads.

To

prepare

the

extractant/scintillating polymer composite, the strontium-selective sorbent SuperLig® 620
(230-420 mesh) obtained from IBC Advanced Technologies, Inc. (American Fork, UT)
was treated using two different approaches.
1) The silica based extractant was incorporated in plastic scintillator matrix as
described in suspension polymerization section.
2) The surface of SuperLig® 620 was modified through growing scintillating
polymer chains as mentioned in surface polymerization section.
Both materials were packed in a minicolumn or a flow-cell as a single beads sensor. In
another approach, untreated SuperLig® 620 particles were mixed with organic or inorganic
scintillator beads at different weight ratios.
4.1.1 Suspension polymerization
The first extractive scintillating material was prepared by incorporating SuperLig®
620 in plastic scintillating beads using suspension polymerization. The raw SuperLig® 620
solid extractant powder was mixed as received with 4-methylstyrene monomer,
divinylbenzene crosslinker, benzoyl peroxide initiator, 2-(1-naphthyl)-4-vinyl-5phenyloxazole (vNPO) (the vinyl form of αNPO scintillator) organic fluor monomer
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(Seliman, 2015) and a toluene porogen to form a dispersed oil phase. The components of
the oil phase were mixed at room temperature for 15-60 min before adding to the aqueous
phase. An emulsion was prepared by dispersing the oil phase into the aqueous phase in a
four-neck glass reactor. The aqueous phase contained poly(vinyl alcohol) (PVA) as a
polymer surfactant and emulsion stabilizer, NaCl to adjust the electrolyte concentration
and hydroxypropyl methylcellulose (HPMC) as a seeding (nucleation) agent for dispersing
of the organic phase in water. The mixture of the aqueous and the organic phases were
dispersed by stirring for 30 min at room temperature and 500 revolutions per minute (rpm)
to form the beads size required before polymerization. Polymerization reaction was
performed for 12 h at 70 oC temperature and 500 rpm in a thermostatic water bath. The
suspension polymerization steps and setup is presented in Figure 4.1.

Organic phase
Extractive Scintillating
beads
Aqueous phase

Figure 4.1. Suspension polymerization of SuperLig®620 as a strontium selective solidphase extraction material incorporation within scintillating polymer.
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4.1.2 Surface polymerization
The second approach to develop an extractive scintillating sensor using SuperLig®
620 particles was conducted through two successive steps as summarized in Figure 4.2.
These include: 1) modification of SuperLig®620 surface to contain a vinyl groups using
silanization reaction by 3-methacryloxypropyltrimethoxysilane (MPS) dissolved in

Figure 4.2. Preparation scheme summarizes steps used to modify the SuperLig® 620
particles by both dry and wet surface polymerizations.
ethanol at pH 6 and for 24 h. Other solvents such as toluene were tried to avoid the
breakdown of the silica particles that can affect the column applications. The resulting
silica was filtered off, washed with ethanol and dried until constant weight under vacuum
at 35 oC. 2) In the second step, a scintillating polymer layer was grafted from the vinyl
group on the surface of the modified SuperLig®620 obtained in the first step. A suspension
of 0.5 g of the modified silica particles with methacrylate groups in a mixture of 100 mg
of 4-methylstyrene monomer, 35 mg of vNPO, 0.5 g of N-methyl-2-pyrrolidone (NMP)
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solvent as a high boiling point solvent and 25 mg K2S2O8 as initiator in 10 mL ethanol. The
suspension was stirred for 1 h and dried at 35 oC under high vacuum using rotary
evaporator; the same experiment was repeated using 0.5 mL of dimethylformamide (DMF),
to investigate the effect of the high boiling point solvent type as the polymerization
medium. The dried particles contain the monomers and the initiator mixture within a thin
layer of the high boiling point solvent were introduced in an oven at 70 oC for 24 h. The
mechanism of dry polymerization technique illustrates in Figure 4.3.

3-Methacryloxypropyltrimethoxysilane

Figure 4.3. The mechanism of dry polymerization method used to prepare the scintillating
SuperLig® 620 sensor.
Using a different surface polymerization setup, the SuperLig® 620 particles were
modified by attaching MPS to the silica surface using salinization reaction in toluene
(Wang et al., 2009) to avoid the breakdown of silica particles obtained in ethanol before
dry polymerization. 150 mg of the modified silica (vinyl- SuperLig® 620) was mixed with
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150 mg of 4-methylstyrene monomer, 30 mg of vNPO, 13.5 mg of azobisisobutyronitrile
(AIBN) as initiator in 10 mL toluene. The suspension was stirred and heated at 70 oC for
12 h without removing toluene (wet polymerization). The final scintillating SuperLig® 620
particles with the grafted polymer either from dry or wet polymerization were extensively
washed with distilled water (50 ml x 3 times) and ethanol (25 ml x 3 times). Finally, the
solid composites were dried under vacuum until constant weight at 35 oC to be ready for
further characterization and final application.
4.1.3 Combination of extractant/scintillator beads
The mixed bed flow-cell was prepared through mixing SuperLig® 620 in varying
ratios with either an organic scintillator (BC-400) or an inorganic scintillator such as
europium-activated calcium fluoride (CaF2:Eu), cerium-activated yttrium silicate
(Y2SiO5:Ce) and cerium-activated lithium silicate glass (GS20). The mixed beads approach
aimed to evaluate the performance of the SuperLig® 620 in its original form comparing to
the incorporated one. Because

90

Sr has high beta energy (546 keV), the mixed sensor is

expected to overcome the energy transfer limitation from the beads containing the
extractant to the scintillating beads and has a good detection efficiency. This setup has also
high stability due to the inorganic nature of the extractant and the scintillating beads. The
SuperLig® 620 was mixed well with each of three inorganic scintillators and dry packed
into a translucent FEP Teflon tube with a small piece of glass filter packed at each end.
The FEP tube was loaded in the center of LSC vial for static or offline measurement of into
a U-shape flow-cell for dynamic or online measurement.
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4.2 Sensor Characterization
4.2.1 Physical and chemical behavior
The materials resulting from the above three preparation methods were subjected
to extensive characterization. The successful modification and polymerization reactions
were evaluated using thermogravimetric analysis (TGA) after each step. The extraction
efficiency was tested using batch experiment and 85Sr in 0.1 M HNO3 solution. The filtered
solution was measured with NaI:Tl detector and compared with the initial concentration.
The capacity of the modified scintillating SuperLig® 620 particles were tested using batch
experiment at different stable strontium concentrations (1-1000 ppm) after spiking with an
85

Sr tracer in 0.1 M HNO3, the maximum resin capacity (qm) was modeled using Langmuir

equation.
4.2.2 Luminosity measurement
The scintillation efficiency was computed for each of the modified extraction
scintillating beads by weighing about 25 mg in a 7 mL LSC vial. A 37,000 Bq 241Am point
source was positioned at 0.5 cm above the bead surface. The light output from α particles
deposition into the scintillating beads was measured using a Hidex Triathler liquid
scintillation counter (LSC). Figure 4.4 shows the setup used to measure the luminosity of
the dry particles. The pulse height for the developed sensors was measured after packing
about 50 mg of the functionalized resin beads in a minicolumn tubing (1/8” external, 1/16”
internal diameters). After conditioning the column with 0.1 M HNO3 as a background
solution, the same solution containing 90Sr was passed through where the selective group
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Figure 4.4 Hidex Triathler LSC and the setup used to measure the scintillation property of
the developed dual functional materials.
catches it. The minicolumn was centered in the middle of LSC vial and counted offline
with LSC.

4.3 Analytical Procedures
The prepared extractive scintillating materials were evaluated using two different
techniques including offline and online detection modes. For offline application, the beads
were dry packed into an FEP Teflon column with a small amount of glass wool packed at
each end to prevent resin washout from the tubing. Two different tube sizes were
investigated, the first size has inner diameter of 0.16 cm (1/16”) and was filled with  0.05
g of resin beads to a resin bed length of 3.0  0.1 cm. The large column has inner diameter
of 0.48 cm (3/16”) and packed with 0.315 g of the modified material to give the same
height of the small column (Figure 4.5a). After packing the columns, they were fixed in
the center of a 20 mL liquid scintillation plastic vial and counted on the LSC.
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0.16 cm (1/16”)

0.48 cm (3/16”)

(a)

The detection efficiency of measuring 90Sr with offline detection mode was evaluated using
columns with different inner diameters (0.16 cm, 0.48 cm) were investigated.

(b)

Figure 4.5 (a) Two columns with different inner diameter were tested using offline
detection mode. (b) U-shape flow-cell and the IN/US β-Ram flow scintillation analyzer
used for online 90Sr quantification.
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For online detection, a U-shape flow cell was packed in a similar manner to the
offline column and then placed in the Flow Scintillation Analyzer (FSA) IN/US -Ram
model 5 (LabLogic Systems, Inc). The instrument digital output was connected to a laptop
using the Laura software package (LabLogic Systems, Inc., USA) and the data were
acquired as a multichannel scaling spectrum with a 30-s dwell time. Figure 4.5b shows the
packed U-shape flow-cell attached to the FSA. The details of the experiments conducted
using either offline or online detection mode were reported in appendix A.
4.4 Limit of Detection
The minimum detectable activity concentration in water (MDC) for the radiometric
preconcentrating flow-cell can be calculated according to equation 4.1.
𝑴𝑫𝑪𝑩𝒒 =

𝟐.𝟕𝟏+𝟒.𝟔𝟓√𝑪𝒃 𝒕

(4.1)

𝒕 𝑬𝒔 𝑬𝒅 𝑽

t is counting time, Cb is the background count rate, V is sample volume, Ed is detection
efficiency (ratio of the counting rate detected to the decay rate in the sample) and Es is
uptake efficiency (the ratio of activity in the extracted 90Sr to the injected sample activity).
The MDC for a given

90

Sr sensor can be improved by either increasing the data

integration (count) time, t, or shielding the detector to decrease its background count rate,
Cb. Data integration time, t, greatly affects the MDC. The detector background signal can
only be shielded to a point that the PMTs’ dark current becomes dominant. With regard to
analyte uptake, the measurement efficiency, Ed depends in part on the selection of sorbent
material in the column and the effect of the matrix composition on analyte uptake.
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CHAPTER FIVE
Results and Discussion
In this chapter, the results of measuring

90

Sr by using SuperLig® 620 based

extractive scintillating sensors by three different approaches are reported. In the first
approach, the SuperLig® 620 was incorporated in polymer beads using suspension
polymerization. The second method was applied to grow a thin layer of scintillating
polymer chains to avoid the low capacity reported in the first method. The third sensor
setup was achieved by mixing SuperLig® 620 with different organic and inorganic
scintillators to improve the detection efficiency. Chapter five is divided into three parts.
Each one will include the characterization and the application results for each approach
used to make the three extractive scintillating sensors.
5.1 Extractive Scintillating Sensor Using SuperLig® 620 and Suspension
Polymerization
5.1.1 Materials characterization
The SuperLig® 620 was incorporated within scintillating polymer beads prepared
using mainly polyvinyl toluene (PVT) with 2-(1-naphthyl)-4-vinyl-5-phenyloxazole
(vNPO) fluor. The PVT matrix absorbs the kinetic energy from the radiation particles and
non-radiatively transfers it to the vNPO fluor, which subsequently emits at a longer
wavelength (420 nm). This blue light can be measured by a photomultiplier tube (PMT)
and is proportional to the energy deposited. Two different samples were prepared by using
the same recipe but changing the type of porogen. In the first sample, a mixture of methyl
ethyl ketone (MEK) and toluene (MEK/toluene) were used as a porogen, while the second
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sample utilized Span80 porogen. Two different fractions were collected for each sample
prepared; the first fraction is the SuperLig/polymer composite formed as a solid particle in
the bottom of flask after polymerization. The sample collected from the bottom after using
MEK/toluene porogen called SUPLiG-PolyMB and for the Span80 porogen called
SUPLiG-PolySB. The second fraction was a fine powder dispersed in the aqueous phase
on the top of synthesized composites and accumulated after drying each sample. The
samples take the abbreviation SUPLiG-PolyMT for the MEK/toluene porogen and
SUPLiG-PolyST for the Span80 porogen. The optical images in the same magnification of
the four samples were presented in Figure 5.1.

(a)

(c)

200 μm

(d)

(b)

200 μm

Figure 5.1. The optical images of the SUPLiG-POLY extractive scintillating materials
prepared using suspension polymerization in MEK/toluene porogen, SUPLiG-PolyMT (a),
SUPLiG-PolyMB (b) and in Span80 porogen, SUPLiG-PolyST (c), SUPLiG-PolySB (d).
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The images of the synthesized samples showed that the SUPLiG-PolyMB prepared
using the MEK/toluene porogen has spherical beads structure. The beads contain small
amount of the SuperLig® 620 extractant attached to the beads surface. The other three
samples are in the form of a fine powder which looks problematic to use them effectively
in the final applications. To determine the amount of SuperLig® 620 incorporated in each
fraction, TGA was conducted. The mass loss of each material and the content of SuperLig®
620 were calculated using equations 5.1 and 5.2, respectively.
𝑀𝑎𝑠𝑠 𝑙𝑜𝑠𝑠 = 1 − (𝑅 + 𝑆 + 𝑊)

(5.1)

𝑆𝑈𝑃𝐿𝑖𝐺 𝑂𝑟 𝑃𝑂𝐿𝑌𝑀𝐸𝑅 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 = 𝑅 + 𝑅 ∗ 𝑆 + 𝑅 ∗ 𝑊

(5.2)

R is the residue fraction from TGA analysis, S is fraction from SuperLig 620 organic
selective group (0.14), W is H2O fraction (0.027). The data are reported in Table 5.1 and
presented in Figure 5.2.
Table 5.1 Thermogravimetric analysis data for SuperLig® 620 extractant incorporating
in plastic scintillating beads during suspension polymerization.

Sample

Material

Residue
(fraction)

Name

SILICA-Raw

0.973

H2O

SUPLiG-Raw

0.833

SUPLiG-PolyMT

0.288

Mass losses
(%)

SuperLig 620
Mass (mg/g)

2.7

----

Organic groups

14.0

855

Polymer_MEK/T*

54.5

336

SUPLiG-PolyMB 0.131

Polymer_MEK/T

70.2

153

SUPLiG-PolyST

0.179

Polymer_SPAN80** 65.4

209

SUPLiG-PolySB

0.190

Polymer_ SPAN80

222

64.3

*) Suspension polymerization in a mixture of methyl ethyl ketone (MEK) and Toluene porogen.
**) Suspension polymerization in Span 80 porogen
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Figure 5.2. Thermogravimetric analysis of raw silica particles (SILICA-Raw), raw
SuperLig® 620 (SUPLiG-Raw), two samples from MEK/toluene porogen and two samples
from Span80 porogen.
The TGA data reveal that the six measured samples showed a first mass loss of
about 2.7% around 100 oC attributed to water. An additional mass loss of 14.0% was
measured from the raw SuperLig® 620 extractant, mainly attributed to the organic selective
material attached to silica surface. This mass loss started around 200 oC and continued until
800 oC and can be used to predict the molecular weight of the proprietary material by
taking into account the reported SuperLig® 620 capacity (0.225 mmol/g). The TGA of
SUPLiG-PolyMT sample shows that the polymer decomposition starts around 250 and 300
o

C and gave a final polymer mass loss of 54.5%, leaving a pure SuperLig® 620 content

around 33.6% (0.336 g/g polymer composite). So, the final total calculated capacity is
0.076 mmol/g. The polymer mass loss of the SUPLiG-PolyMB sample from the bottom
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fraction of the MEK/toluene porogen is 70.2% and the total SuperLig® 620 incorporated is
153 mg/g resin. So, the SUPLiG-PolyMB sample has 0.034 mmol/g total capacity and is
lower than that was reported for the SUPLiG-PolyMT sample. This capacity is not fully
accessible, as a significant fraction of the SuperLig® 620 was encapsulated in the plastic
scintillating material (Fig. 5.1b). The results for the SuperLig® 620 and polymer composite
prepared in the Span80 porogen show a higher mass loss for both the top (SUPLiG-PolyST)
and the bottom (SUPLiG-PolySB) fractions. The two mass losses are very close giving
final SuperLig® 620 residue of 209 and 222 mg/g composite for SUPLiG-PolyST and
SUPLiG-PolySB, respectively. The final mean extractant capacity was calculated to be
0.048 mmol/g. Based on this value, we can conclude that incorporating SuperLig® 620 in
polymer beads during suspension polymerization is better when the MEK/toluene porogen
is used compared to the Span80 porogen.
The scintillation properties of the four SUPLiG-Poly samples were investigated
using the point source

241

Am that was positioned at about 0.5 cm from the surface of 25

mg of each material packed in a 7 mL LSC vial. The energy deposited from the alpha
particles is converted into a light energy with a maximum wavelength of ~ 420 nm. The
number of photons emitted and the corresponding material brightness or scintillation
efficiency can be evaluated from the peak height of the emitted light. As the peak height
increases, the scintillation efficiency becomes better and the material is expected to give a
higher detection efficiency. Figure 5.3 illustrates the peak heights of the four materials and
shows that the SUPLiG-PolyMB sample demonstrates the highest scintillation efficiency
with a maximum peak height around 400 channels.
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Figure 5.3 Pulse height spectra collected for SUPLiG-PolyMT, SUPLiG-PolyMB,
SUPLiG-PolyST and SUPLiG-PolySB sensors using 37,000 Bq 241Am point source and
Triathler LSC.
The second best material is the SUPLiG-PolySB with a maximum pulse height
around channel 315. The lowest peak heights and scintillation efficiency were reported for
SUPLiG-PolyMT and SUPLiG-PolyST with a maximum peak height of 200 and 260
channel, respectively. These are the two samples collected as a fine white powder from the
aqueous solutions on the top of both composites materials prepared using the MEK/toluene
and the Span80 porogens and their opaque appearance can prevent the emitted photons
from reaching the PMT. Based on its transparent spherical shape and scintillation
efficiency, the SUPLiG-PolyMB looks promising as an extractive scintillating sensor for
90

Sr detection and is subject for further characterization to determine the

capacity and stability after multiple loading/elution cycles.
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90

Sr sorption

The capacity of SUPLiG-PolyMB composite and the raw SuperLig® 620 extractant
was measured at constant temperature and different concentrations of stable Sr2+ ions
spiked with 85Sr. The uptake of strontium ions increases as the initial concentration increase
for both materials, see Figure 5.4. The results of Sr2+ ions uptake were fitted by Langmuir
isotherm equation to predict the maximum capacity (qm) using equation 5.3.

q e  qm

bC e
1  bC e

(5.3)

Ce is the equilibrium aqueous metal ion concentration (mmol/L), qe the amount of metal
ion adsorbed per gram of adsorbent at equilibrium (mmol/L), qm and b are the Langmuir
constants related to the maximum adsorption capacity and energy of adsorption,
respectively.
The maximum accessible capacity (qm) estimated from Langmuir isotherm is 0.28
mmol/g for the raw SuperLig® 620, that is close to the maximum capacity reported by the
producer (0.225 mmol/g). On the other hand, the maximum accessible capacity for
SUPLiG-PolyMB composite is only 0.005 mmol/g that is approximately 45 times lower
than the capacity of the raw material. Also, the material showed about 7 times lower
capacity than the calculated value of 0.034 mmol/g from the TGA analysis where, small
amount of SuperLig® 620 were incorporated in the plastic beads. This means that only
14.3% of the total sites are accessible to strontium ions. This significant drop in the
extraction capacity of the extractive scintillating material is expected to affect its extraction
capability, especially in the presence of a high concentration of natural strontium or barium
as important competitor ions.
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Figure 5.4 The experimental maximum sorption capacity of raw SuperLig®620 and
SUPLiG-PolyMB extractive scintillating composite.

5.1.2 Detection of 90Sr with SUPLiG-Poly composite
The prepared extractive scintillating sensors were evaluated using two different
techniques including offline (minicolumn) and online (flow-cell) detection modes. Each
mode was discussed in a separate section, offline mode in section 5.1.2.1 and online mode
in section 5.1.2.2.
5.1.2.1 Minicolumn offline measurement
For off-line application, the three extractive scintillating composites SUPLiGPolyMT, SUPLiG-PolyMB, and SUPLiG-PolySB were dry packed into a small FEP
Teflon columns. The tubing with inner diameter of 0.16 cm was filled with ~ 0.05 g of
resin beads or powder to a resin bed length of 4.6  0.1 cm. The SUPLiG-PolyST was not
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included in this evaluation because insufficient material was produced for these
experiments. After passing about 10 mL of 0.1 M nitric acid as a background solution in
each of the three columns for conditioning, about 52 Bq of 90Sr in 5 mL 0.1 M HNO3 was
pumped in each mini-column using peristaltic pump and flow rate of 0.5 mL/min. The 5
mL effluent was completely collected and mixed with 12 mL Ultima Gold™ AB
scintillation cocktail. The columns and the effluents were counted for 30 min by LSC to
measure both the uptake (Es) and detection efficiency (Ed) for each extractive scintillating
sensor. Figure 5.5 illustrates the LSC spectra of three materials and the corresponding
uptake and detection efficiencies are reported in Table 5.2.
The net count rate, CRn in count per second (cps) can be related to sample activity,
ABq, according to equation 5.4:
(5.4)
The parameters Ed (ratio of the counting rate detected to the decay rate in the sample) and
Es (the ratio of activity in the extracted 90Sr to the injected sample activity) represent the
detection and loading efficiencies of the analyte, respectively.
Table 5.2. The uptake and detection efficiency of 90Sr in aqueous media using offline
detection mode for the SuperLig® 620/polymer extractive scintillating composites.
Sample

Loaded A* Bound A* Measured CR*
(Bq)
(Bq)
(cps)

Es**
(%)

Ed**
(%)

SUPLiG-PolyMT

52.0

52.0

17.7±0.10

>99.95

34.1±0.20

SUPLiG-PolyMB

52.0

52.0

28.2±0.16

>99.95

54.3±0.25

SUPLiG-PolySB

52.0

46.6

10.6±0.08

89.70

20.5±0.15

*) The loaded, the bound activity accumulated on the column and corresponding count rate measured.
**) The uptake (Es) and detection efficiency (Ed).
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Figure 5.5 The pulse height spectra of SUPLiG-PolyMT, SUPLiG-PolyMB, and SUPLiGPolySB extractive scintillating minicolumn sensors after loading about 52 Bq of 90Sr and
counting for 30 minutes.

The spectra and the corresponding uptake and detection efficiencies reveal that the
SUPLiG-PolyMB beads show the best pulse height and the highest detection efficiency of
54.3±0.25%. The SUPLiG-PolySB prepared in Span80 porogen exhibits the lowest
detection efficiency with only 20.5±0.15%, also it has the lowest uptake efficiency with
89.7%. Although, the SUPLiG-PolyMT uptake efficiency is > 99.95%, it demonstrates
only 34.1±0.20% detection efficiency. This is expected because the material is in a powder
form rather than SUPLiG-PolyMB, which exists as transparent spherical beads as
illustrated earlier in Figure 5.1. Based on these results, the two samples SUPLiG-PolyMT
and SUPLiG-PolySB were omitted from further characterization and application due to the
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low detection efficiency and their powder nature, that can affect the light transmission to
the PMT.
The physical and optical stability of the extractive scintillating composite SUPLiGPolyMB (demonstrated the highest detection efficiency) were evaluated after four loading
and elution cycles for the same column. To configure the sensor physical stability, the
activity of the effluent after each loading was measured to determine the uptake efficiency.
The optical performance was evaluated by measuring the column activity and its
background after each loading and elution cycle. About 10 mL 0.5 M sodium citrate was
used to regenerate the mini-column and yielded complete

90

Sr elution as confirmed by

counting the column after each regeneration step. The LSC spectra measured for the
column and corresponding effluent after each loading are represented in Figure 5.6.
1st Cycle

2nd Cycle

3rd Cycle

4th Cycle

(a)

Pulse Height (Channel)
1st Effluent

2nd Effluent

3rd Effluent

4th Effluent

(b)

Energy (keV)

Figure 5.6 (a) The pulse height spectra for the SUPLiG-PolyMB minicolumn sensor
measured with the Quantulus LSC. (b) The corresponding LSC spectra of the effluents
containing only 90Y in 10 mL Ultima GoldTM AB cocktail. About 52 Bq of 90Sr was loaded
in each cycle and eluted with 0.5 M Na. Citrate.
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The count rates of the investigated sensor after the four loading cycles have very
close values, with a mean count rate of 21.7±0.37 (1.7%) cps. Also, the mean net counting
rate of the four corresponding effluents is 48.9±0.61 (1.2%) cps. The effluents radioactivity
is for 90Y (the daughter of 90Sr) and LSC spectra demonstrate that the effluents have almost
pure 90Y due to the absence of 90Sr, that has beta particles with an average Emax = 550 keV.
The results show that the SUPLiG-PolySB scintillating sensor has favorable optical,
physical and chemical stability, and thus, the reproducibility and reversibility are
satisfactory, at least during four loading and elution cycles.
Further experiments were performed to determine the influence of the column
diameter and the linearity in detector response. An increase in the column diameter should
yield an improved detection efficiency especially for

90

Sr that has high energy beta

particles. In large column, all the emitted energy from

90

Sr is expected to deposit

completely within the extractive scintillating material, while some of this energy can
escape the sensor when a small diameter tube is used. To measure the linear response of
the extractive scintillator sensor as a function of increasing the radionuclide activity, about
0.315 g of the SUPLiG-PolyMB material was packed in a larger column with an inner
diameter of 0.48 cm giving a column height of 2.6 ± 0.1 cm. This size is compared with a
small column with inner diameter of 0.16 cm, that was used in the previous experiments.
About 10 mL of 0.1 M nitric acid was pumped for column conditioning, followed by
successive loading of different 90Sr activity. The accumulated activities on the column were
26, 52, 78 and 104 Bq; the column was counted for 900 s after each loading. The 5 mL
solution was collected for each loading in 20 mL LSC vial, then mixed with 12 mL Ultima
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Gold™ AB organic cocktail and counted to determine the uptake efficiency. Table 5.3
contains the loaded and measured activity of 90Sr in the large column sensor (ID=0.48 cm)
that was applied to determine the linearity of measuring of 90Sr using the SUPLiG-PolyMB
composite and offline detection mode.
Table 5.3. The loaded and measured activity of 90Sr in a large minicolumn sensor
(ID=0.48 cm) which was applied to determine its linearity using offline detection mode.
Loaded A*
(Bq)

Total A*
(Bq)

Bound A*
(Bq)

Measured CR*
(cps)

Es
(%)

Ed
(%)

26.0

26.0

26.0

10.10±0.11

>99.95

38.8±0.41

26.0

52.0

52.0

19.93±0.15

>99.95

38.3±0.29

26.0

78.0

78.0

30.52±0.18

>99.95

39.1±0.24

52.0

104.0

38.83±0.21

>99.95

37.3±0.20

Average

------

104.0
------

-------------

--------

38.40±0.28

*) The individual loading, the total loaded and the bound activity accumulated on the column and
corresponding count rate measured.

The corresponding scintillation spectra for the SUPLiG-PolyMB sensor after
successive loading of four different activities of 90Sr demonstrate good optical response as
a function of increasing

90

Sr concentration as represented in Figure 5.7a. The SUPLiG-

PolyMB sensor yielded linear calibrations with R2> 0.998 when the measured net spectrum
areas were plotted against the bound radioactivity levels of the 90Sr standards.
The linear regression for the data set resulted in a slope of ~0.386 cps/Bq, that
corresponds to ~39.0%. This detection efficiency is lower than 54.3%, that was reported
previously for

90

Sr in Table 5.2 using the same SUPLiG-PolyMB material packed in a

column with small inner diameter of 0.16 mm. Although, the column with a large inner
diameter is likely to catch the whole deposited energy, this drop in detection efficiency
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(a)

(b)

Figure 5.7 Detection response and linearity of the SUPLiG-PolyMB sensor: (a) The pulse
height spectra of a large minicolumn sensor as a function of successive loading of 90Sr
activity; (b) measured net count rate versus the total bound activity.
.
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may be due to: 1) the absorption of the optical photon within a large diameter with more
interfaces may decrease the probability of light generated within the scintillator reaching
the PMT, or 2) the incorporated silica based extractant is opaque and not transparent for
photon transmission.
5.1.2.2 Flow-cell online measurement
The online detection response as a function of successive loading of different 90Sr
activity without regeneration was investigated using a U-shape flow cell attached to a flow
scintillation analyzer. This evaluation refers to the possibility of using the same
SuperLig®620/polymer sensor to quantify the 90Sr radioactivity level in aqueous samples
that have a clear variation in strontium concentrations that can represent a contamination
plume. The successive loading profile is presented in Figure 5.8a and the corresponding
calibration curve for the total activity levels of the loaded 90Sr was plotted in Figure 5.8b.
The correlation coefficient (R2) of the calibration curve is 0.9998 with average detection
efficiency of 51.2% (slope). Table 5.4 shows that the detection efficiency decreases
slightly from one standard to another but the average of the four loaded activities still high
(53.6 ± 2.4%) and can be used effectively to quantify

90

Sr with solutions containing

different radioactivity.
The detection efficiency of the online analysis using four successive loading

90

Sr

standards decreased from 55.7±4.5% to 51.4±1.1% when the loaded solution activity
changed from 1350 to 8110 Bq/L, respectively. However, the data showed more decrease
in the uptake efficiency as reported in Table 5.4. About 7.8% decrease in the uptake percent
was reported for the second loading step relative to the first one. Also, about 3.0% decrease
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Table 5.4 The loaded activity, uptake percentage and detection efficiency of 90Sr in
aqueous media using successive loading and online detection mode for the SUPLiGPolyMB extractive scintillating resin.
Loaded A*
(Bq)

Total A*
(Bq)

Bound A*
(Bq)

Measured CR*
(cps)

Es
(%)

Ed
(%)

13.5

13.5

12.4

6.9±0.6

91.9

55.7±4.5

27.0

40.5

35.2

19.3±0.8

84.1

55.0±2.4

54.1

94.6

80.9

42.3±1.2

84.7

52.2±1.5

81.1

175.7

143.5

73.8±1.6

81.7

51.4±1.1

Average

------

------

--------

85.6±4.4

53.6±2.4

*) The individual loading, the total loaded and the bound activity accumulated on the column and
corresponding count rate measured.

in the uptake efficiency was measured in the fourth step compared to the third step. This
decrease opened a concern about the sensor stability and behavior for online detection and
application. To investigate the cause of the decrease in the uptake efficiency during the use
of successive loading-elution cycles, a new flow-cell was packed with the SUPLiGPolyMB resin and loaded with ~108 Bq of 90Sr according to the profile presented in Figure
5.9. About 0.1 M HNO3 without activity was pumped through the flow cell for 15 min at
0.5 mL/min to collect the background count rate. After loading the activity, the pump was
turned off while leaving the extracted

90

Sr to be counted for about 20 min, that gave a

nearly stable horizontal line with average net count rate of 53.1±1.3 cps. Following this
step, about 42 mL of a clean 0.1 M HNO3 solution was pumped through the sensor at the
same flow rate used to load the 90Sr sample. As shown in Figure 5.9, the activity of the
flow-cell started to decrease slowly but gradually just by pumping the 0.1 M HNO3, which
was used as the background solution without any ligand or regenerant. To confirm this
behavior, the effluent was collected and counted by LSC giving a total activity of 43.7 Bq
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(a)

(b)

Figure 5.8 Online successive analysis of 90Sr using SUPLiG-PolyMB extractive
scintillating resin: (a) the accumulated count rate for water samples with different
radioactivity levels; (b) the measured net count rate versus the total bound activity.
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in the 42 mL effluent, that equals about 54.7% of the bound 90Sr activity. This unexpected
behavior may be due to loss of affinity of SuperLig®620 material for

90

Sr after

incorporating in the plastic scintillator or to the low sorption capacity of 0.005 mmol/g that
was measured for SUPLiG-PolyMB composite. This sorption capacity is approximately 45
times lower than the capacity of the raw material. This significant drop in the extraction
capacity of the extractive scintillating material may affect its extraction capability.

Figure 5.9 Online loading profile of
sensor.

90

Sr using SUPLiG-PolyMB extractive scintillating
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5.2 Extractive Scintillating Sensor Using SuperLig® 620 and Surface Polymerization
The SuperLig® 620 showed a high sensitivity for solution conditions after
incorporating in scintillating polymer beads, which led to instability when used in online
detection mode. To avoid this problem, another modification approach was applied through
growing a thin layer of scintillating polymer on the silica surface of SuperLig® 620 beads.
5.2.1 Materials characterization
The surface of the SuperLig® 620 particles was modified using two successive steps
that are illustrated in Figure 4.2. The end product of the first step is vinyl-SuperLig® 620.
Vinyl-SuperLig® 620 particles were prepared two different but similar ways. The first way
reacted SuperLig® 620 with 3-methacryloxypropyltrimethoxysilane (MPS) in ethanol
adjusted to pH 6. The suspension was purged with nitrogen and stirred overnight at room
temperature. The resulting modified silica with MPS monomer (SUPLiG-Monom) was
dried to constant weight. In the first attempt to functionalize the surface of the SuperLig®
620 particles with scintillating PVT chains, the modified silica was suspended with the 4vinyltoluene, benzoyl peroxide (initiator), vNPO fluor, ethanol, NMP solvent (almost the
same volume of the modified SuperLig® 620 added). The NMP is a high boiling point
solvent (202 °C) and its function is to form a thin layer around the silica particles after
removing ethanol. The solvent layer contains the monomers and the initiator needed to
grow the scintillation polymer chains by polymerization at 70 oC. The final SuperLig® 620
with the grafted polymer on its surface (SUPLiG-SurfD1) was extensively washed with
distilled water and ethanol. Finally, the solid was dried under vacuum to constant weight.
The material had a light yellow color that can cause color quenching during scintillation
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detection. Therefore, another vinyl-SuperLig® 620 product was fabricated using DMF in
place of NMP solvent to study the effect of another high boiling point solvent on the
polymerization efficiency. The second SuperLig® 620/grafted polymer prepared in DMF
(SUPLiG-SurfD2) was white and also was a very fine powder, that caused difficulty in
pumping the aqueous solution through at low pressure.
To avoid the breakdown of the SuperLig® 620 particles, the method to prepare the
SuperLig® 620 scintillating materials was modified and conducted in toluene. The
SuperLig® 620 was reacted with the MPS monomer in toluene instead of ethanol. Pure
ethanol with a pH of 7.33 may develop an alkaline environment that can affect the physical
structure on silica particles (Gupta, 2009). The modification was performed according to
the method used by Wang et al. (2009). The MPS monomer and the SuperLig® 620 was
stirred in toluene and refluxed at 50°C for 12 h under nitrogen atmosphere. The resulting
vinyl-SuperLig® 620 was filtered and washed with toluene and ethanol, then was dried at
105°C for 4 h. Using visual verification, the silica particles look did not breakdown and
retained almost their original particle size.
The second step started with suspending the vinyl-SuperLig® 620 particles in
toluene containing 4-vinyltoluene, vNPO and AIBN as initiator. The suspension was
heated to 70°C and stirred continuously overnight. The final product was filtered and
washed repeatedly with deionized water and ethanol, then air dried for 24 h. Because
attaching the scintillating polymer to the silica surface was performed in toluene solution
without removing the solvent as used in the first approach, the resulting scintillating
SuperLig® 620 material coded as SUPLiG-SurfW1.
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The three extractive scintillating materials prepared using surface polymerization
were characterized. TGA was conducted to determine the amount of scintillating polymer
attached to the silica surface. The data from the TGA analysis was reported in Table 5.5
and presented in Figure 5.10a for the two materials prepared using dry polymerization in
NMP solvent (SUPLiG-SurfD1) and in DMF solvent (SUPLiG-SurfD2). The TGA
analysis of the scintillating SuperLig® 620 material prepared in toluene (SUPLiG-SurfW1)
is presented in Figure 5.10b. The two polymerization approaches were separated into two
figures because each one was prepared using different raw SuperLig® 620 batches.

Table 5.5 Thermogravimetric analysis data for SuperLig® 620 extractant modified
through growing scintillating polymer chains using dry and wet surface polymerization
techniques.
Sample

Material

Residue
(fraction)

Name

Mass (%)

Mass (mg/g)

Dry polymerization*
SILICA-Raw

0.971

H2O

2.7

27.0

SUPLiG-Raw

0.833

Organic groups

14.0

140.0

SUPLiG-Monom 0.811

MPS monomer

2.2

22.0

SUPLiG-SurfD1

0.801

Polymer in NMP

3.2

32.0

SUPLiG-SurfD2

0.741

Polymer in DMF

9.2

92.0

Wet polymerization
SUPLiG-Raw

0.832

Organic groups

14.1

141.0

SUPLiG-Monom 0.801

MPS monomer

3.1

31.0

SUPLiG-SurfW1 0.749

Polymer in Toluene

8.3

83.0

*: The dry and wet polymerization were conducted using two different batches of SuperLig® 620 solid
phase extractant.
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(a)

(b)

Figure 5.10. TGA analysis of raw silica particles (SILICA-Raw), raw SuperLig® 620
(SUPLiG-Raw), silica surface modified with MPS monomer (SUPLiG-Monom); a) The
samples prepared using dry polymerization in NMP solvent (SUPLiG-SurfD1) and in DMF
solvent (SUPLiG-SurfD2), b) The sample prepared using wet polymerization in toluene
(SUPLiG-SurfW1).
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The TGA data show that the organic compounds attached to the silica particles of
SuperLig® 620 and selective for strontium ions is very similar in the two SuperLig® 620
batches with a mean value of 140.5 ± 0.7 mg/g. This means that the extractant capacity for
Sr2+ is almost constant. The mass of MPS acrylate monomer attached to the silica surface
is generally low (2.2% mass increase when the experiment was conducted in ethanol and
3.1% in toluene). These two values show two advantages of using toluene for the
silanization reaction. The first is increasing the mass of the acrylate groups attached to the
surface, and the second is decreased dissolution of the silica in toluene relative to ethanol.
Figure 5.10 shows that the new materials showed a first mass loss around 100 oC
attributed to water associated to the hydrophilic hydroxyl groups of the silica surface, and
another additional mass loss starting around 200 oC and continuing with different rates until
500 oC. This fast mass loss is attributed to the degradation of organic functionalities and
the polymer chain decomposition. Unfortunately, the first attempt to attach the scintillating
polymer chains to the modified silica particles (SUPLiG-Monom) through incorporating
4-vinyltoluene, vNPO, and the initiator (ABIN) within a thin layer of NMP solvent did not
work well. The degree of grafting to the silica surface of SUPLiG-SurfD1 sample was low
(3.1% by TGA). Next, the use of DMF as a high boiling point solvent to carry out the
polymerization process was assayed. The monomer and initiator are dissolved in the very
thin film of DMF in close proximity of the silica surface, reducing the diffusion lengths
and increasing the local concentration. Indeed, a significant amount of the polymer was
grafted from the silica surface even after extensive washing as revealed by the TGA
analysis of the resulting material (SUPLiG-SurfD2). The mass gain for the SUPLiG-
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SurfD2 is 92.0 mg/g, which is almost 3 times more than was reported for the SUPLiGSurfD1 (32.0 mg/g) polymerized in NMP solvent. Therefore, SUPLiG-SurfD2 is expected
to have a higher scintillation efficiency. The reason behind the significant difference in the
polymerization efficiency reported for DMF solvent relative to NMP is not clear. The
DMF has a boiling point of 153 oC and a viscosity of 0.91 mPa.s, while the boiling point
and viscosity of the NMP are 202 oC and 1.788 mPa.s, respectively (Vitagliano, 1995;
Geng et al., 2008). This clear difference in both boiling point and viscosity may limit the
degree of diffusion of incorporated monomers when NMP was used as a solvent for
polymerization.
The main problem is the fine silica particles that were produced using ethanol for
MPS attachment and high boiling point solvents for polymerization. These fine particles
caused a high pressure drop across the packed column during pumping of the aqueous
phase through flow-cell and deformed the Teflon tube structure. So, another approach was
applied by replacing the ethanol solvent with toluene to attach the MPS monomer to silica
particles (SUPLiG-Monom). Also, the second stage was modified by adding SUPLiGMonom as a suspension in toluene and performing the polymerization without removing
the solvent. The TGA analysis showed a successful modification for the raw material
SUPLiG-Raw during the two stage reactions. The particles gained about 83.0 mg/g, that is
comparable with the results reported when DMF was used as a capsulation solvent. The
second advantage is that modified silica particles (SUPLiG-SurfW1) had similar particle
size to the starting material. There were some fine particles collected as a result of
disruption in magnetic stirring during synthesis rather than an effect from the ethanol. The
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claim that stirring disruption is responsible for the particle size distribution is supported by
the observation that the particle size distribution did not change when toluene was used in
the polymerization process.
The scintillation properties of the three samples modified using surface
polymerization,

SUPLiG-SurfD1,

SUPLiG-SurfD2

and

SUPLiG-SurfW1

were

investigated and compared to the raw SuperLig® 620 solid phase extractant (SUPLiGRaw). The pulse heights of the modified materials measured using an 241Am point source
are presented in Figure 5.11. The results illustrate that the pulse heights of SUPLiGSurfW1 sample prepared using toluene has the highest scintillation efficiency with a
maximum peak height around 270 channels. SUPLiG-SurfD2 prepared by using DMF
solvent is the second best material with a maximum pulse height around 220 channel.

Figure 5.11 Pulse height spectra collected for SUPLiG-Raw, SUPLiG-SurfD1, SUPLiGSurfD2 and SUPLiG-SurfW1 sensors using 37,000 Bq 241Am point source and Triathler
LSC.
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The lowest pulse height and scintillation efficiency was reported for SUPLiG-SurfD1
around 200 channels but the material does not have a peak shape, so it is not expected to
have a good scintillation efficiency. This low pulse height attributes mainly to the low mass
of scintillating polymer attached in SUPLiG-SurfD1 sample. Although, SUPLiG-SurfW1
has less scintillating polymer mass (51.7 mg/g) than SUPLiG-SurfD2 (70.3 mg/g), it shows
higher pulse height and therefore, better detection efficiencies.
5.2.2 Detection of 90Sr with SUPLiG-Surf materials
The extractive scintillating materials SUPLiG-SurfD2 and SUPLiG-SurfW1 from
surface polymerization were evaluated using an online detection mode. The SUPLiGSurfD1 was omitted due to the low mass gain of scintillating polymer and low detection
efficiency predicted from Figure 5.11.
The two extractive scintillating SUPLiG-SurfD2 and SUPLiG-SurfW1 as well as
the raw SuperLig® 620 were dry packed into a U-shaped FEP Teflon flow-cells with a glass
frit piece packed at each end to prevent material washout from the tubing. The tubing with
inner diameter of 0.16 cm (1/16”) was filled with ~ 0.06 g of the modified SuperLig® 620
giving a bed length of 4.0  0.1 cm. Each flow-cell was studied separately after attaching
to the Beta-RAM flow scintillation analyzer, model 5. About 10-15 mL of 0.1 M nitric acid
as a background solution were pumped in each of the three sensors for conditioning.
Approximately, 50.4 Bq of 90Sr in 10 mL 0.1 M HNO3 was pumped in each flow-cell using
a peristaltic pump built-in Beta-RAM instrument at a flow rate of 0.5 mL/min. One-fourth
of the 10 mL effluent was collected and mixed with 10 mL Ultima Gold™ AB scintillation
cocktail. After counting flow-cell by FSA, the effluents were counted for 15 min by LSC
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to measure both the uptake efficiency for each extractive scintillating senor. Figure 5.12
presents the collected online data from three sensors using FSA and the corresponding
uptake and detection efficiencies were reported in Table 5.6.

Table 5.6. The uptake and detection efficiency of 90Sr in aqueous media using online
detection mode for the SuperLig® 620 modified with surface scintillating polymer.
Sample

Loaded A* Bound A* Measured CR*
(Bq)
(Bq)
(cps)

Es
(%)

Ed
(%)

SUPLiG-Raw

50.4

50.4

0.9±0.3

>99.95

2.0±0.7

SUPLiG-SurfD2

50.4

47.1

12.9±0.8

93.50

27.4±1.7

SUPLiG-SurfW1 50.4

50.4

16.4±0.7

>99.95

32.5±1.4

*) The loaded, the bound activity accumulated on the flow-cell and corresponding count rate measured.

Figure 5.12 Online quantification of 90Sr using U-shape flow cell packed with SUPLiGRaw, SUPLiG-SurfD2 or SUPLiG-SurfW1 and loaded with 50.4 Bq in 0.1 M HNO3
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The SUPLiG-Raw sample does not contain any scintillating polymer. However,
due to Cherenkov radiation produced by the high energy beta particles from 90Sr and 90Y
in water, there are observed counts which yield a detection efficiency of 2.0 ± 0.7%
detection efficiency. This small jump in the signal is likely due to Cherenkov radiation
produced by the interaction of high energy beta particles from accumulated 90Sr and 90Y
with water. SUPLiG-SurfW1 shows the highest detection efficiency of 32.5 ± 1.4% with
an approximately > 99.95% uptake. The SUPLiG-SurfD2 prepared in DMF solvent has
detection efficiency of 27.4 ± 1.7% and uptake efficiency of 93.5%. The decrease in
SUPLiG-SurfD2 extraction capability may be attributed to the method of polymerization.
Polymerization in DMF depends on increasing the local concentration of monomer and
initiator in a very thin film of DMF to reduce the diffusion lengths to acrylate grafting
point. The SuperLig® 620 modified with surface polymerization shows a significant lower
detection efficiency than that incorporated in plastic beads with suspension polymerization.
The low detection efficiency may be attributed to the thickness of the scintillating polymer
chains attached to the surface of SuperLig® 620. The thin scintillating polymer layer has
low probability to capture the high energy particles that pass through without depositing a
significant amount of their energy.
To investigate stability and reproducibility of the SUPLiG-SurfW1 sensor, the
same flow cell used to produce the data in Figure 5.12 was regenerated with 0.5 M sodium
citrate solution. The regenerated flow cell was subjected to online

90

Sr detection as a

function of successive loading of three different concentrations. These experiments are
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intended to evaluate the potential for regenerating and reusing the SUPLiG-SurfW1 sensor
to quantify the 90Sr radioactivity level in aqueous samples with varying Sr concentrations.
The successive loading profile of 12.6, 25.2 and 50.4 Bq is shown in Figure 5.13a
and the corresponding calibration curve (count rate versus activity loaded) is presented in
Figure 5.13b. There is a clear increase in count rate as loaded activity increases (Figure
5.13a) and a detection efficiency of 25.4% (slope of Figure 5.13b with R2 = 0.9997) was
obtained by linear regression. The average detection efficiency calculated for individual
concentrations of 27.6 ± 4.9 was slightly higher than the slope of the calibration curve little
higher value. A more detailed analysis of the data revealed a decrease in detection
efficiency as loaded activity increased. The Ed is 30.8 ± 6.7, 26.5 ± 4.7 and 25.5 ± 3.4%
for 12.6, 25.2 and 50.4 Bq, respectively (Table 5.7). The SUPLiG-SurfW1 sensor
demonstrates good stability, that is confirmed from measuring the effluents of the three
loaded activities. The effluents look contain only

90

Y without any sign of

90

Sr peak as

compared to 90Sr/90Y standard in equilibrium, see Figure 5.14.
Table 5.7 The loaded activity, uptake percentage and detection efficiency of 90Sr in
aqueous media using successive loading and online detection mode for the SUPLiGSurfW1 extractive scintillating sensor.
Loaded A*
(Bq)

Total A*
(Bq)

Bound A*
(Bq)

Measured CR*
(cps)

Es
(%)

Ed
(%)

12.6

12.6

12.6

3.9±0.3

>99.95

30.8±6.7

25.2

37.8

37.8

10.0±0.5

>99.95

26.5±4.7

50.4

88.2

88.2

22.4±0.8

>99.95

25.5±3.4

Average

------

------

------

--------

27.6 ± 4.9

*) The individual loading, the total loaded and the bound activity accumulated on the flow-cell and
corresponding count rate measured.
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(a)

(b)

Figure 5.13 Online successive analysis of 90Sr using SUPLiG-SurfW1 extractive
scintillating sensor: (a) the accumulated count rate for water samples with different
radioactivity levels; (b) the measured net count rate versus the total bound activity.
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Figure 5.14 The LSC spectra of 12.6 Bq of 90Sr standard and the three effluents containing only
90
Y after each of three successive standards loaded on SUPLiG-SurfW1 sensor.

5.3 Extractive Scintillating Sensor Using SuperLig® 620/Scintillating Mixed Beads
The first two approaches used to modify SuperLig® 620 as a stable extractive
scintillating sensors demonstrated more disadvantages than advantages. The main
drawback reported for SuperLig® 620/polymer composite is its high sensitivity for
solution conditions especially during online detection mode. The surface treatment of
SuperLig® 620 showed good stability as an extractive scintillator sensor; however, it
exhibits low detection efficiency. Accordingly, another new approach is necessary to
benefit from the unique selectivity of SuperLig® 620 for strontium and the suitability of
extractive scintillating technique for a real-time monitoring system. The new setup should
keep the original extraction capacity, which proved to be essential for material stability and
improved detection efficiency. The only approach to meet these conditions was achieved
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through mixing SuperLig® 620 with scintillating beads to form heterogeneous extractive
scintillating materials. The beta particles from 90Sr have enough kinetic energy to reach the
adjacent scintillating beads and produce light for detection.
5.3.1 Materials characterization
In this study, SuperLig® 620 was mixed in varying ratios with either an organic
scintillator (BC-400) or an inorganic scintillator such as europium-activated calcium
fluoride (CaF2:Eu), cerium-activated yttrium silicate (Y2SiO5:Ce) and cerium-activated
lithium silicate glass (GS20). Studies were carried out to determine the best performing
scintillator and thus a better combination to make an efficient extractive scintillating
system. The first attempt was performed by mixing SuperLig®620 with BC-400 plastic
scintillating resin in 1:1 volume ratio. Unfortunately, the extractant and scintillating beads
became separated during the process of packing the mini-column or flow-cell. This
separation can affect the counting efficiency because the scintillating beads are physically
far from the located radioactive source accumulated on the extractant surface. The
separation of the materials is likely due to the density difference of the BC-400 polymer
bead (1.04 g/cm³) compared to SuperLig®620 (2.65 g/cm³), that is a silica based material.
The separation of the resin and scintillator observed in this work is in contrast to reports
from Egorov et al. (2006) who mixed BC-400 plastic scintillator beads with the solid-phase
extraction material SuperLig® 620 in a 1:1 weight ratio for the development of a
sensors. The equilibration-based sensing method was applied using

90

baseline Hanford groundwater samples acidified to pH 2.1 with nitric acid.
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90

Sr

Sr/90Y spiked

Due to the difficulty observed mixing the organic scintillator BC-400, further work
investigated three different types of inorganic scintillator that have close or similar density
to SuperLig®620. The combination of an inorganic extractant and inorganic scintillator is
expected to be more stable and have a high probability to yield reproducible results.
Inorganic scintillators play an important role in radiation detection in many sectors of
fundamental and applied research. They differ significantly in their physical properties,
which should be adapted to meet the requirements for this application.
In the current application, the inorganic scintillator should have high
radioluminosity, particle density around 2.7 g cm-3 to match the SuperLig®620 density and
emission wavelength to fit the optimum range of the common PMT. Because GS20
inorganic scintillator showed low detection efficiency of 31.2%, two different inorganic
scintillators with optimal physical properties to the optimal one were chosen: cerium-doped
yttrium silicate (Y2SiO5:Ce) and europium-activated calcium fluoride (CaF2:Eu). The
physical properties of Y2SiO5:Ce, CaF2:Eu and GS20 scintillators are shown in Table 5.8
for comparison. Also, the radioluminosity and scintillation of the three materials were
measured by weighing about 25 mg of the scintillating crystals in 7 mL LSC vial followed
by irradiation from a 37,000 Bq 241Am (1 μCi) point source positioned approximately 0.5
cm above the bead surface. The light output from α particles irradiation was measured
using a Hidex Triathler LSC and presented in Figure 5.15.
The data in Table 5.8 show that both Y2SiO5:Ce and CaF2:Eu have the same light
yield with about 24,000 photons/keVγ and this is 6 times better than the light yield of GS20
crystals that has only 3,800 photons/keVγ. This large difference was confirmed further from
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Table 5.8 The physical properties of three different inorganic scintillators (Derenzo et
al., 1991).
Scintillator

Density
(g/cm3)

Hygroscopic

λem
(nm)

Light yield
(photons/MeVγ)

GS20*

2.5

no

395

3,800

Y2SiO5:Ce

4.45

no

420

24,000

CaF2:Eu

3.18

no

435

24,000

*) Cerium activated lithium silicate glass scintillators

Figure 5.15 Pulse heights were collected for the inorganic scintillators GS20, CaF2:Eu and
Y2SiO5:Ce used to setup heterogeneous flow-cells for 90Sr quantification. The luminosity
measured using 37,000 Bq 241Am point source and Triathler LSC. (The channel numbers
are on the logarithmic scale).
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the measured radioluminosity in Figure 5.15, where the Y2SiO5:Ce and CaF2:Eu gave a
peak height around 950 channels, while the peak height for the GS20 scintillator was
between 650 and 700 channels. This result shows that replacing the GS20 with Y2SiO5:Ce
or CaF2:Eu in the heterogeneous flow-cell is expected to improve the detection efficiency
under the same conditions. Also, the difference in the emission wavelength (λem) can
support this hypothesis, where, λem = 420 nm for Y2SiO5:Ce and 435 nm for CaF2:Eu. Both
values match well the optimal value of most PMTs, that become more sensitive for
measuring emitted wavelengths around 425 nm. For the materials density, CaF2:Eu should
have a less phase separation with the SuperLig®620, yielding a more sensitive detection
system.
5.3.2 Detection of 90Sr with mixed-bed flow-cell
5.3.2.1 Effect of inorganic scintillator type and mixing ratio
Different sensors were prepared by mixing SuperLig®620 with each of the three
inorganic scintillator GS20 (SUPLiG-GS20), Y2SiO5:Ce (SUPLiG-YSiCe) and CaF2:Eu
(SUPLiG-CaFEu). The effect of the type of inorganic scintillator on the detection
efficiency was investigated using two weight ratios of 1:1 and 1:2 SuperLig®620 to
inorganic scintillator. The high accessible capacity of the raw SuperLig®620 (0.225
mmol/g) allows for a higher scintillator ratio that can help to detect most of the beta
particles. Due to the similarity of Y2SiO5:Ce and CaF2:Eu in their pulse heights and
scintillation efficiency, only Y2SiO5:Ce was compared to GS20 beads using 1:1 weight
ratio. Following that, the Y2SiO5:Ce and CaF2:Eu were compared for the 1:2 weight ratio.
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To study the effect of scintillator type and extractant/scintillator ratio on the
detection efficiency of 90Sr measurement, about 250 mg of the raw SuperLig®620 and 250
mg of GS20 or Y2SiO5:Ce were mixed to give 1:1 ratio, then dry packed into a U-shape
translucent FEP Teflon tube. Limited phase separation was observed. The flow-cell was
stablized in the β-ram flow scintillation analyzer and left in dark for 15 min before loading
solutions. About 10-15 mL 0.1 M HNO3 without activity was pumped through the flow
cell at 0.5 mL/min flow rate followed by loading ~108 Bq of 90Sr in the same background
solution. After loading the activity, about 25 mL of a clean 0.1 M HNO3 solution was
pumped through the sensor at the same flow rate. The uptake was > 99.95% and the
detection efficiency was 30.6 ± 0.97% for the SUPLiG-GS20 sensor and 34.1±1.03%, for
the SUPLiG-YSiCe sensor. The loading profile and corresponding loading and detection
data are shown in Figure 5.16, and reported in Table 5.9. The results reveal that the
Y2SiO5:Ce has a higher detection efficiency than the GS20 inorganic scintillator; therefore,
the same conditions were used to compare the performance of CaF2:Eu relative to
Y2SiO5:Ce but at 1:2 extractant/scintillator ratio. This setup helped to test the effect of
inorganic scintillator type and ratio in the same experiment. Also, the results are presented
in Figure 5.16 to simplify the evaluation of the three used sensors. The online profiles
show that increasing the extractant/scintillator ratio of SUPLiG-YSiCe sensor from 1:1 to
1:2 increased the detection efficiency from 34.1±1.03% to 46.2±1.2%. This improvement
is due to increasing the probability of the beta particles depositing energy in the Y2SiO5:Ce
particles that surround the SuperLig®620 extractant. The 1:2 ratio was chosen as a good
condition to keep the sensor with a high sorption capacity in the case of using the successive
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analysis approach or the presence of high concentration of competitor cations in the natural
freshwater samples.
Comparing the performance of CaF2:Eu scintillator to Y2SiO5:Ce scintillator, for
the 1:2 ratio, shows that the SUPLiG-CaFEu sensor has the highest detection efficiency
among the three inorganic scintillators with a mean value of 54.3±1.30%. This value is
statistically the same detection efficiency measured for the SUPLiG-POLY resin (54.3%)
after incorporating the SuperLig®620 in plastic scintillator during suspension
polymerization. The developed extractive scintillating sensor SUPLiG-CaFEu proved to
combine the two important properties required to have a high performance radiation
detection system for 90Sr quantification.

Figure 5.16 Effect of inorganic scintillator type and SuperLig®620/scintillator weight ratio
on 90Sr detection efficiency.
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Table 5.9. The loaded activity, the measured count rate, the uptak and detection efficiency
of 90Sr in aqueous media for three inorganic scintillators using two different
extractant/scintillator weight ratios..
Sample

Loaded A*
(Bq)

Bound A*
(Bq)

Measured CR*
(cps)

Es
(%)

SUPLiG-GS20 (1:1)

108.0

108.0

33.1±1.1

>99.95 30.6±1.0

SUPLiG-YSiCe (1:1)

108.0

108.0

36.8±1.1

>99.95 34.1±1.0

SUPLiG-YSiCe (1:2)

108.0

108.0

49.9±1.3

>99.95 46.2±1.2

SUPLiG-CaFEu (1:2)

108.0

108.0

58.7±1.4

>99.95 54.3±1.3

Ed
(%)

*) The loaded, the bound activity accumulated on the flow-cell and corresponding count rate measured.

5.3.2.2 Sensor stability and effect of flow rate
To evaluate the regeneration capability of the heterogeneous extractive scintillating
sensors, one more set of experiments was conducted using SUPLiG-GS20 sensor by
multiple loading and elution trials. The detector response during five sequential loading
and elution cycles of

90

Sr is shown in Figure 5.17. In these trials no degradation in the

loading efficiency or the detection efficiency was observed. The uptake efficiency was
almost > 99.95%, while the average detection efficiency for the five trials was 32.8±0.84%.
The regeneration process was simple and can completely elute

90

Sr using about 5 mL of

0.5 M sodium citrate at pH 6 as eluent (~ 50 column volume). This good stability and
performance make this design promising to develop a similar heterogeneous flow-cell
using a high luminosity inorganic scintillator to improve the detection efficiency.
Simple and rapid radiometric methods are important particularly after the
accidental release of fission or activation products in the environment. Although, the
extractive scintillating technique is a simple method for simultaneously isolating and
detecting radionuclides, a large volume of the water sample needs to be pumped through
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Figure 5.17. Five sequential loading and elution cycle of 90Sr on SUPLiG-GS20 sensor.
the sensor especially when the activity level is low. From this point, the effect of flow rate
used to load the aqueous sample was investigated using the SUPLiG-CaFEu sensor. The
peristaltic pump of the β-Ram FSA was calibrated to determine the true flow rate through
the flow-cell. Three different flow rates were tried: 0.44, 0.95 and 1.67 mL/min. The
effluent after each load was collected and counted by LSC to compare the influent and the
effluent activity to measure the uptake efficiency. The online analysis and corresponding
profiles are presented in Figure 5.18.
The results show that the SUPLiG-CaFEu sensor was not affected by increasing the
flow rate from 0.44 to 1.67 mL/min and gave almost the same count rate with a mean value
of 49.50±1.63 cps. This means that the analysis time can be reduced by 3.8 times without
noticeable effect on the sensor performance. Rapid methods for radiostrontium analysis are
particularly important in emergency cases, when many samples have to be analyzed to
enable the relevant authorities to make rapid decisions to control the release or implement
other radiation protection measures based on the contamination level of the environment.
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Figure 5.18. The effect of flow rate on the uptake and the detection efficiency of
SUPLiG-CaFEu sensor.

90

Sr on

5.3.2.3 Limit of detection
To measure the limit of detection of the developed radiation measurement system,
the on-line quantification of

Sr in 0.1 M HNO3 using the β-RAM FSA and SUPLiG-

90

CaFEu sensor was tested and illustrated in Figure 5.19. The MDC of 90Sr (Bq/L) in water
for the radiometric preconcentrating flow-cell was calculated and evaluated. The MDC of
extractive scintillating system can be improved mainly by improving the measurement
efficiency (Ed). This depends in part on the selection of the inorganic scintillator, that
should have a high radioluminosity, and sorbent material, that should be highly selective
for the analyte to limit the effect of the matrix composition on analyte uptake.
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Figure 5.19 Analysis of 4 Bq/L 90Sr using SUPLiG-CaFEu mixed beads sensor.
About 10 mL of the uncontaminated 0.1M HNO3 solution as a background solution
was pumped at the beginning to equilibrate the flow cell, followed by the spiked sample
(Figure 5.19). The test solution was spiked with 90Sr ions to yield a final concentration of
4.0 Bq/L. The US maximum contaminant level (MCL) is 0.33 Bq/L for drinking water.
After pumping about 400 mL, that contained only 1.6 Bq of

90

Sr, the SUPLiG-CaFEu

sensor gave good signal response relative to that reported for the background solution. To
achieve the MCL of 0.33 Bq/L, for a detection efficiency of 54.3%, a background count
rate of 0.653 cps, a sample volume of 350 mL, extraction yield of > 99.95% and a count
time of 1 h is required, Equation 5.3. This method showed several advantages over the
two published methods applied for the real-time monitoring of 90Sr based on counting its
90

Y daughter. These include: 1) direct on-line quantification of the target isotope, 2) no

need to wait for activity ingrowth or secular equilibrium, 3) the possibility of decreasing
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the MDA at secular equilibrium through counting the total activity of 90Sr/90Y since both
isotopes have the same mode of decay.
5.3.3 Comparing the stability of SUPLiG-PolyMB sensor to a mixed-bed flow-cell
The mixed-bed flow-cell setup showed a high performance and stability in
quantification of 90Sr over a wide range of different parameters. The performance of the
stable mixed-bed sensor was compared to that of the SUPLiG-PolyMB material to explain
the loading profile shown in Figure 5.9. Since SuperLig®620 showed some instability after
incorporating in the polymer scintillating beads and during online detection, the
SuperLig®620 should be tested in its raw form. To achieve this goal, the mixing-bed flowcell SUPLiG-GS20, that showed a high stability after 5 loading/elution cycles, was used to
extract and detect

90

Sr under the same conditions applied in Figure 5.9 using SUPLiG-

PolyMB sensor. The online loading profiles for the heterogeneous flow-cell (SUPLiGGS20) with the homogenous sensor SUPLiG-PolyMB are presented in Figure 5.20 for
comparison.
About 35 mL 0.1 M HNO3 without activity was pumped through the flow cell at
0.5 mL/min flow rate followed by loading ~108 Bq of 90Sr in same background solution.
After loading the activity, the pump was turned off while leaving the data acquisition online for about 20 min. The system showed a nearly stable count with average activity of
33.75±1.2 cps. Following this step, about 42 mL of a clean 0.1 M HNO3 solution was
pumped through the sensor at the same flow rate used to load the

90

Sr sample. The total

activity of the effluent showed that the released 90Sr using the background solution is low
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Figure 5.20 Online loading profiles of
extractive scintillating sensors.

90

Sr using SUPLiG-PolyMB and SUPLiG-GS20

and found to be <0.5% of the loaded activity. Comparing the results of both systems
revealed that 1) the uptake efficiency is > 99.95% and 87.6% for raw and SUPLiG-PolyMB
composite, respectively; 2) the detection efficiency is 55.7% for SUPLiG-PolyMB sensor
but only 31.2% for SUPLiG-GS20; 3) the SUPLiG-GS20 contains raw SuperLig®620 is
more stable, losing only small percent of the loaded activity after pumping > 400 column
volume, compared to approximately 54.7% decrease in the activity in the case of SUPLiGPolyMB sensor.
The large difference between SUPLiG-PolyMB and raw SuperLig®620
performance in the column flow tests can be explained by the difference in 90Sr affinity for
these two sensors in 0.1 M HNO3. Twenty-five mg of each material was added to 5 mL of
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0.1 M HNO3 solution, spiked with 41.5 Bq of 90Sr, then shaken five hours on an end-overend mixer. The suspensions were filtered through 0.45 μm nylon syringe filters and the
90Sr concentration in the filtrate was determined using LSC. The Kd value was calculated
using equation 5.5,
𝐾𝑑 =

(𝐶𝑜 −𝐶𝑒 )
𝐶𝑒

𝑉

𝑚𝐿

(5.5)

𝑥𝑚 ( 𝑔 )

where Co and Ce are the initial and equilibrium aqueous activity of 90Sr (cpm), V is the
solution volume (mL), and m is the weight of the extractive scintillating material (g).
The calculated Kd value for the raw SuperLig®620 and SUPLiG-PolyMB materials
are 3.78 x 105 mL/g and 1.03 x 103 mL/g for the material. The smaller Kd value reported
for the SUPLiG-PolyMB composite will cause greater Sr desorption during flow
experiments where the influent solution does not contain Sr. Comparing the offline and
online detection modes, the data revealed that SuperLig®620/Polymer composite structure
can be applied successfully using the offline detection mode but it is unstable in case of
using the online monitoring application. Because the main objective of the current research
is developing stable extractive scintillating sensors to be used for online monitoring
systems and measuring 90Sr in-situ, two other approaches were applied to maintain the high
capacity of SuperLig®620, while preserving scintillation functionality.
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CHAPTER SIX
Conclusion
Research is needed for the design of new selective monitoring systems to detect
current and changing conditions of radiostrontium contamination in the subsurface
groundwater. In-situ sensors capable of 90Sr detection avoid expensive sampling operations
as well as laboratory analysis. They also facilitate real-time measurement, and decrease the
risk to health and the cost of long term monitoring. A simple and rapid procedure was
developed and characterized using extractive scintillating sensors for online environmental
radiation monitoring of

90

Sr in aqueous samples under field conditions. Three different

approaches were applied to prepare highly selective sensors for strontium extraction. The
first approach involves the incorporation of SuperLig®620 solid phase extraction particles
into porous scintillating polyvinyltoluene (PVT) beads formulated with the organic fluor
monomer

2-(1-naphthyl)-4-vinyl-5-phenyloxazole

(vNPO).

The

new

extractive

scintillating composite showed good selectivity and detection efficiency (52-55%) for 90Sr
when offline detection mode was applied. However, when the online detection mode was
used, 90Sr desorption occurred when radionuclide free solutions were passed through the
column. This behavior is proposed to be due to the relatively low Kd of SUPLiG-PolyMB
compared with the unmodified SuperLig®620 extractant.
The second approach was achieved by growing scintillating polymer chains from
the surface of the silica particles of the SuperLig®620 extractant. The polymer was attached
to surface in two high boiling point solvents after modifying the surface with 3methacryloxypropyltrimethoxysilane in ethanol to form vinyl-SuperLig®620. The solvents
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were 1-methyl-2-pyrrolidone (NMP) (bp = 202 oC) and dimethylformamide (DMF) (bp =
153 oC). The polymerization using the DMF showed a good scintillation efficiency (high
pulse height), but the SuperLig®620 particles were broken down into a fine powder, that
resists pumping aqueous solution through the packed flow-cell. The vinyl-SuperLig®620
was prepared in toluene instead of ethanol to avoid silica particles breakdown, then the
polymer was grafted from the surface of the vinyl-SuperLig®620 particles in a stirred
toluene contains high concentration of PVT and vNPO scintillator. The last sample showed
very good optical properties and chemical stability; however, it demonstrated a low
detection efficiency, which is may due to the small thickness of the polymer chains. So,
most of the high-energy beta particles can escape without depositing their energy within
the scintillating polymer chains. The detection efficiency may be improved by increasing
the column thickness, but the silica particle itself is not transparent and can prevent the
optical photons crossing to the photomultiplier tube (PMT).
A third approach was tried to benefit from the unique selectivity of SuperLig®620
for radiostrontium under environmental conditions by just mixing it with a separate
scintillating beads. Four different materials were investigated, including plastic
scintillating beads (BC-400), yttrium silica (Y2SiO5:Ce), lithium silicate glass (GS20) and
calcium fluoride (CaF2:Eu). The BC-400 did not work well because the phase separation
occurred during packing the column, which is mainly due to the density difference of the
BC-400 polymer bead (1.04 g/cm³) compared to SuperLig®620 (2.65 g/cm³). Although,
GS20 formed a good homogeneous mixture with SuperLig®620, it showed low detection
efficiency of 32.5±1.40%. The best extractive scintillating performance was reported for
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the SuperLig®620/CaF2:Eu that revealed several advantages: 1) It can form a homogenous
mixture with SuperLig®620. 2) It gave the highest detection efficiency of 54.3±1.3%. 3)
The extractive scintillating system demonstrated a high chemical stability during online
detection mode. So, this proved to be suitable and efficient system to be applied for real
time measurement of

90

Sr over a wide range of radioactivity levels. A summary of the

uptake and the detection efficiency as well as the detection mode used was reported in
Table 6.1 for the optimal sensors performance.

Table 6.1. The uptake and detection efficiency of
SuperLig® 620/extractive scintillating sensors.

90

Sr in aqueous media using four

Extractive Scintillator

Detection mode

Es**
(%)

Ed**
(%)

SUPLiG-PolyMB

Offline

>99.95

54.3±0.25

SUPLiG-SurfD2

Online

93.50

27.4±1.70

SUPLiG-SurfW1

Online

>99.95

32.5±1.40

SUPLiG-CaFEu

Online

>99.95

54.3±1.30

*) The uptake (Es) and detection efficiency (Ed).
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APPENDICES
Appendix A
Analytical Procedures
A.1 Options for a dual purpose sensor
There are two options for the dual purpose sensor includes a single modified bead
holding the extraction and scintillation functionality and a mixture of separate SuperLig ®
620 silica particles and scintillating beads.
A.1.1 SuperLig® 620/scintillating polymer composites
The strontium-selective sorbent SuperLig® 620 (230-420 mesh) obtained from IBC
Advanced Technologies, Inc. (American Fork, UT) was treated using two different
approaches. 1) The silica based extractant was incorporated in plastic scintillator matrix as
described in suspension polymerization section. 2) The surface of SuperLig® 620 was
modified through growing scintillation polymer chains as mentioned in surface
polymerization section. Both materials were packed in a flow cell as a single beads sensor.
A.1.2 Mixed bed flow cell
SuperLig® 620 was mixed in varying ratios with either an organic scintillator (BC400) or an inorganic scintillator such as europium-activated calcium fluoride (CaF2:Eu),
cerium-activated yttrium silicate (Y2SiO5:Ce) and cerium-activated lithium silicate glass
(GS20). The mixed beads approach aims to evaluate the performance of the SuperLig® 620
before incorporating in plastic scintillator. Because 90Sr has high beta energy (546 keV),
the mixed sensor is expected to overcome the energy transfer limitation and has a good
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detection efficiency. It is also going to have high stability due to the inorganic nature of
the extractant and the scintillating beads.
A.2 Flow-through experiments
The modified materials were evaluated using on-line and/or off-line measurement
approach according to the following steps:
A.2.1 Offline minicolumn experiments
The same steps used in the flow cell setup, were applied in the off-line
experiments after minor modification according to following:
1- The extractive scintillating materials were dry packed into a translucent FEP Teflon
mini-column (bed length = 4.45  0.13 cm) with a small piece of glass filter packed at
each end to prevent material washout from the tubing.
2- Loading the 90Sr solution using an isocratic pump at an optimum flow rate was followed
by placing the packed mini-column sensor in the center of a 20 mL LSC glass frit after.
3- The packed mini-column sensor as well as aliquots of the loading and elution effluent
were counted on the 1220 QUANTULUS™ liquid scintillation counter from
PerkinElmer to determine loading and counting efficiencies.
4- Two different tube sizes were tested to investigated the effect of sensor diameter on the
energy deposition of the beta particles and hence the counting efficiency.
A pulse height spectrum from each mini-column was saved as a computer file and
the corresponding count rate was recorded for further data analysis

95

A.2.2 Online flow-cell experiments
1. The extractive scintillating materials were dry packed into a U-shape translucent FEP
Teflon tube with a small piece of glass filter packed at each end to prevent material
washout from the tubing.
2. The tubing (1/8” external, 1/16” internal diameter) was filled with  0.05 g of the
modified SuperLig® 620 particles or the mixed beads to a bed length of 4.45  0.13 cm.
3. The packed U-flow cell was placed in a flow scintillation analyzer (FSA) LabLogic βram model 5 equipped with a built-in isocratic pump and connected to Laura SP3
software set to acquire a multichannel scaling spectrum with a 30-s dwell time.
4. The flow cell was checked for leaks by pumping ~10 mL distilled deionized water
through the flow cell before inserting into the counter.
5. The flow rate was determined and calibrated prior to each run and set to 0.5 mL/min as
an initial trial.
6. The flow cell was dark adapted for several minutes each time inserting a new tube.
7. The high voltage setting of the counter was adjusted according to the type of scintillator
and radioisotope used.
8. A background count rate was collected during flow-cell conditioning with 25 mL of
0.1 M HNO3.
9. After starting the data acquisition system; the detector counts were recorded in a series
of 30 s counting intervals.
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10. About 50 Bq of 90Sr was spiked into 5 mL of 0.1 M HNO3 solution, then was loaded
into the flow cell using different flow rates (0.5, 1.0, 1.5, 2.0 and 2.5 mL/min) to
investigate the uptake kinetics of 90Sr by the SuperLig® 620.
11. Strontium-90 was loaded/eluted from the same flow cell at least five cycles at the
optimum flow rate to study the reusability of the same sensor. Sodium citrate (0.5 M)
was used as a regenerant to elute 90Sr from the sensor materials.
12. Different radioactivity levels were loaded to establish a calibration curve and measure
the linearity.
13. Aliquots of the loading and elution effluent were counted on a Quantulus liquid
scintillation spectrometer (Perkin Elmer, USA) to determine loading efficiency and
possible breakthrough.
14. After each load, the flow cell was washed with about 15 mL 0.1 N HNO3, collecting of
washing effluent for analysis.
15. The loading and washing counting profile was saved as a computer file.
16. A profile from the flow cell was recorded and saved as a computer file.
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